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1 INTRODUCTION

Throughout the history of aviation the inherent shortcomings in the interaction between
man and aircraft have frequently led to less than optimal events. Many of these events,
unfortunately, have been catastrophic while others have been merely footnotes in time.
These events are generally classified as a type of upset. For as long as man has been
flying he has been searching for a way to reduce, if not end, the occurrence of upsets.

There are a number of upset situations that an aircraft can enter, and an equally large
number of factors that can put an aircraft in an upset condition. Many of these factors
can be grouped into the following major categories:

s Pilot error

e Adverse weather / turbulence
» Wake turbulence

e Aircraft systems malfunction

e Airframe damage

Regardiess of how or why the aircraft entered an upset, a primary cause of resulting
aircraft damage and passenger casualties is negative man-machine interaction (MMI) in
the recovery attempt. The negative MMI can be attributed to many causes which fall
welt within the pilot’s ability to avoid or are far beyond his or her ability to predict.

In any case, the pilot's response to a given upset is critical to the outcome. As a resuit,
any successful effort to reduce the number of negative MMIs must examine not only the
flight dynamics of the upset envircnment but also the human factors involved.
Historically, however, many investigations have focused on faults with the machine
alone.

Many of the known human factors that contribute to negative reactions to upsets have
been characterized over the years and training programs have been created that
attempt to reinforce the positive actions required to successfully recover from upsets.
These programs are commonly referred to as Upset Recovery Training (URT). Common
URT curricula can range from classroom time, to simulator flights, to actual flight time in
tight aerobatic aircraft. Due to the extreme nature of upsets, it is not safe to use actual
large transport-category aircraft for in-flight training.

While no one has argued the benefit of actual flight time, the flight characteristics of
aircraft capable of recreating upsets (i.e., light aerobatic aircraft) are considerably
different than large transport-category aircraft. Aerobatic aircraft are far more
responsive and easy to maneuver than large transport-category aircraft.

There has been considerable conjecture as to the pros and cons of using motion based
flight simulation for URT. Motion based flight simulation is a broad topic in and of itseif,
given the range of simulation technology available. The classic large transport simulators
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that include an enclosed full cockpit on a large hydrautically-actuated platform provide
excellent simulation of the normal flight environment. However, due to the dynamic
nature of upsets these traditional devices are not capable of providing the sustained
forces and sustained motion cues that make upset recovery such a daunting task.
Simulators with a greater range of motion, degrees of freedom and higher motion
performance, such as centrifuge based Spatial Disorientation (SD) trainers, could be
better suited for URT.

2 BACKGROUND

This study is part of a larger body of research aimed at understanding man-machine
interaction in aviation, and its influence on aviation safety. The main experimental
efforts of this investigation are contained in TASKs If and III of the Flight Simulator and
Training Human Factors Validation Research Grant Number NNLOGAA21G.

The purpose of TASK II of this investigation is the validation of a centrifuge-based
simulator, the GYROLAB®™ GL-2000, as a research and training tool for replication of
pilot-in-the-loop control system performance and aircraft response in upset and off-
nominal flight conditions.

The purpose of TASK 111 is o identify trends in the physiological and psychological
responses of pilots recovering from upset conditions in large transport aircraft, More
specifically, the objective is to observe trends between the success of recovery attempts
and the physiological and psychological response of the pilots.

3 UPSETS DEFINED

According to the Federal Aviation Administration, a large transpori-category aircraft is in
an upset condition when it is unintentionally placed in one or more of the foilowing flight
conditions:

e Pitch angle > 25° nose up.

e Pitch angle > 10° nose down.

¢« Bank angle > 45°,

e Alrspeed inappropriate to attitude and environment.

3.1 Upset Categorization

For the purposes of this investigation, upsets have been organized into ten separate
categories. Overall, these categories fall under three general groupings:

e Unusual Attitude
e Controi state
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o External drivers

An upset of a given category can be the cause of or caused by upsets of other
categories. For instance, wake turbulence encounters and malfunctioning equipment
sometimes result in one or more unusual attitudes. Despite the possible chronology of
upset categories, each separate category definition is unique and as such has specific
recovery technigues,

3.1.1 Unusual Attitude

The first and most common upset grouping is unusual attitude. The aircraft attitudes
encountered during upsets are generally referred to as unusual attitudes. When

referring to upsets, aircraft attitude is defined by the pitch angle, energy state, and bank
angle. The energy state of an aircraft is defined for these purposes as a combination of
kinetic {airspeed) and potential (altitude) energy. The pitch angie can also he accounted
for in total energy state, but is done so separately here.

Upsets can be categorized for the purpose of specifying appropriate recovery techniques
for common conditions. However, real world upsets are likely to be a combination of
several categories. Upsets can be grouped into general categories based on the
following definitions:

e Nose High: pitch angle is at or above the horizon

e Nose Low: pitch angle is below the horizon

s Upright: roll angle is 90° or less (in either direction)—cockpit pointed toward the
sky

s Inverted: roll angle is greater than 90°—cockpit pointed toward the ground

» High Energy — aircraft dependent

e Low Energy — aircraft dependent

J3.1.2 Control State

The second grouping of upsets is controt state. Control state upsets comprise upsets not
covered by unusual atfitudes but are still a result of the tevel of conirol or lack thereof
that the pilot has over a healthy aircraft. Stalls, spins, overspeeds, underspeeds and
departures fall into the control state category.

3.1.3 External Drivers

The final grouping of upsets is external drivers and this grouping represenis physical
conditions of the aircraft and environment that are outside the realm of normal
operating procedures. Examples are wake turbulence encounters and aircraft damage or
malfunction.
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3.1.4 Categories
All 10 upset categories are described in Table 1. Upset Categories. The first eight upset
categories are permutations of unusual attitudes and are referred to by individual
attitude characteristics. The final two categories correspond to the other two groupings,
control state and external drivers. Each recovery category has an accompanying
description and procedure that is thoroughly covered in training in the upset training
program presented in this research project.
Table 1, Upset Categories
Category Pitch ! Energy | Bank
# Grouping Angle | State | Angle Common Names or Examples
1 >0 High 0-90 Nose High - Upright - High Energy
2 >0 High | 90-180 | Nose High - Inverted - High Energy
3 3 >0 Low 0-90 Nose High - Upright - Low Energy
4 = >0 Low 80 - 180 Nose High - Inverted - Low Energy
<
5 © <0 High 0-90 Nose Low - Upright - High Energy
o Y T I O SO O
6 2 <0 High 90 - 180 Nose Low - Inverted - High Energy
7 <0 Low G- 90 Nose Low - Upright - Low Energy
8 <0 low | 90-180 |  Nose Low - Inverted - Low Energy
o Stalls, Spins, Overspeed, Unders;aeed,m'
9 Controi State Mot Applicable and other departures
External Wake Turbulence Encounters and
10 Drivers Nol Applicable Aircraft Damage/Malfunction

4 REASONS FOR IMPROPER PILOT RESPONSE IN UPSET
CONDITIONS

As physiologists are apt to point out, human beings are not naturally equipped for flight.
Flying aircraft at high speeds and variable G forces can in many cases overwhelm
human sensory, physical and physiological capability, especially if the pilot has not been
adequately trained. Although there are several possible reasons for improper pilot
behavior in upset conditions, most can be classified into one of the following four
classes:

4.1.1 Pathological/Pharmacological/Physical

Pathological, pharmacological and physical reasons for improper pilot response are
among the easiest to avoid and are outside the scope of this report. This report relies on
the assumption that pilots are healthy and sober when inside the cockpit, an assumption
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that the entire aviation industry, too, depends on. Stili, it is worth noting how different
forms of incapacitation may affect pilot control and response to upset conditions. Pilots
who have contracted some sort of pathogen and are ill as a result are prone to improper
and delayed response to upset conditions. Depending on the regions of the body
affected by the illness, one or more of the pilot’s sensory systems may be degraded.
The inner ear is particularly vulnerable to the effects of illnesses, which may garble or
completely stop vestibular signais to the pilot, potentially making navigation difficult. A
compound effect of illness is the resulting reliance on over-the-counter and/or
prescription drugs to counter symptoms.

A pilot’s use of drugs, whether they are prescription, over-the-counter, or illicit, can have
a significant effect on decision-making capacity in the cockpit. So-called “drug cocktaiis”
are particularly dangerous to pilots, as the interaction of different drugs is not always
well understood. The elimination of flying by under-the-influence pilots is a goal that the
aviation industry takes sericusly. In addition to degraded decision making capability,
pilots under the influence of drugs may also suffer from physioclogical effects such as
slowed reflexes, degraded vision and reduced coordination. This condition, of course,
does not lend itself to the complicated maneuvering necessary to recover from upsets.
In general, individuals who show addictive tendencies or a reliance on drugs to function
as a pilot are screened out, further lessening the chance of pilots flying under the
influence,

Similarly, a pilot’s physical condition can influence their ability to properly control their
aircraft, and thus to recover from upset conditions. If a pilot is in poor physical shape,
for example, he or she may be unable to exert the force necessary to manipulate
controls in an upset condition, particularly on non-fly by wire control systems, or in
extreme flight attitudes. Poor physical condition and cardiovascular health may
additionally contribute to the flight crews’ inability to tolerate G forces and maintain
consciousness in maneuvers. Although most unfit pilots are screened out at routine
flight physicals, it is possible for a pilot’s health to degenerate between physicals, or for
the degeneration to go unnoticed.

4.1.2 Psychosocial

Cockpit crews and cabin crewmembers must be effective at interacting with each other
in a wide variety of flight and social conditions. Inappropriate actions or lack of good
Crew Resource Management (CRM) skills can lead directly to in-flight emergencies and
upsets. Crew members who are aware of the psychosocial environment have the
capability to recognize when a problem exists within their crew and attempt to address
it.

There have been notable accidents where crewmember personality and interaction have
played a large role. In the case of China Airlines Flight 676, a government review of the
cockpit recordings between the pilot and co-pilot led to the creation of a re-training
program for all Chinese ex-military commercial pilots, who were seen as less capable of
working cooperatively in a flight crew and accepting direction than civilian-trained pilots.
In the case of the KL.M/Pan Am Tenerife disaster, the failure of a junior first officer to
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assertively tell the captain that he was not cleared for take-off resulted in the collision of
two large jet aircraft and the deaths of over 500 people. Negative psychosocial
interactions led to the worst disaster in aviation history.

4.1.3 Physiological

Physiological factors play an influential role in pilot response to upset conditions. Qur
sensory organs can easily deceive our brains in to thinking that we are in a flight
condition significantly different from reality. This produces a condition called “spatial
disorientation.” There are four physiological systems that are relevant to flying an
aircraft.

4.1.3.1 Human Visual System

Of the senses, the visual system is the most predominant. The human visual system
relies on the reception of light by a series of cells in the eye. When an object is seen by
the eve, a process called object recognition commences, whereby the brain compares
the object with thousands of stored mental images until it recognizes a match',
Unfortunately, this matching is sometimes less accurate than the human brain believes,
causing problems for pilots, When viewing the tilted but linear top of an aitocumulus
cloud, for example, the brain may match that object to a white horizon, leading the pilot
to orient the aircraft to the false horizon, which can then result in a severely banked
attitude and even a crash. A similar process can occur when a pilot flies an approach to
a runway of a different width or length than he is expecting. The resulting optical ilfusion
can lead to the pilot misjudging his altitude and flying an inappropriate glide path.

The human visual system can additionally deceive the brain in gauging the slope of
terrain relative to the aircraft’s flight path. Since pilots execute most landings and
departures on horizontaily level runways, they tend to judge their glide path relative to
the slope of the runway without concern for its angle, which is in most cases fiat.
When presented with an angled runway, some pilots still gauge their glide path relative
to the runway slope, leading to possibly under- or over-shooting of the runway.

4.1.3.2 Human Aural System

Few incidents of improper response to upset conditions have been attributed to
deceptive signals from the aural—hearing—system, as most flight orientation does not
directly depend on aural perception. This lack of reliance on aural cues is due in part to
the relatively loud environment of the airplane cockpit; the aural system is constantly
stimulated and thus tess likely to perceive small changes in the aural environment,
Aurai perception can, however, be a complicating factor in certain situations, for
example, when a pilot is already overwhelmed by other sensory input. Often, aural
perception actually aids the pilot in responding to an upset by allowing him or her to
hear warning signals and sounds that malfunctioning or damaged equipment make.
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4.1.3.3 Human Somatosensory System

Use of our somatosensocry system in flight is informally calied flying "by the seat of the
pants” in reference to the ability to feel pressure in the seat of one’s pants with
accelerations associated with changes in velocity. The somatosensory system is a series
of organs that perceive and process pressure, temperature and pain as they affect the
human body. Unfortunately for pilots, the human body and its somatosensory system
are configured for life at approximately 1 G, traveling at relatively low speeds on the
ground. In flight training, somatosensory cues are among the first that pilots are taught
to ignore, recognizing that they are deceptive in many situations. When flying at a
routine speed in a wings level, nose up attitude, for example, seat of the pants intuition
can make the pilot think that he is accelerating, a misperception that can easily be
avoided by reference to flight instruments.

4,1.3.4 Human Vestibular System

The vestibular system comprises the organs of the inner ear: the Semicircular Canals
and the Otolith Organs. It enables humans to walk balanced, track stationary objects
when moving, and remain stable on changing terrain’. Like most of the human body, it
is unable to reliably communicate the true attitude and speed of an aircraft in flight,
being configured for a constant G, two dimensional life on the earth’s surface. A general
weakness of the system senses acceleration versus velocity. The Semicircular Canals rely
on the movement of liquid against stationary hair cells to perceive movement. This only
happens when the fluid is accelerating. Once that fluid reaches a constant velocity
identical to that of the head, perception of motion stops. Additionally, the threshold for
rotation to be perceived by the Semicircular Canals is approximately 1.5 {o 29 per
second?; when this minimum is not met, the pilot remains unaware that he and his
airplane are turning. A similar illusion is produced when the Semicircular Canals stop
perceiving constant spin or rotation and the Otolith Organs stop perceiving acceleration
in a downward direction, allowing a so-called “graveyard spin” or “graveyard spiral” to
develop without the pilot being aware. These problems most often occur if there are
inadequate visual cues to the contrary.

A second contributing factor to improper pilot response to upsets is the inability of the
Otolith Organ to distinguish linear acceleration from head position; again a dangerous
tendency that can be overcome by relying on flight instruments.

A final relatively common vestibular illusion which may contribute to improper response
to upset conditions is called the corio/is illusion. This illusion sends false signals to the
brain when two or more of the three semicircular canals are stimulated simultaneously,
resulting in vestibular cross-coupling, as happens when a plane is maneuvering and the
pilot looks down to consult the panel while the aircraft is roiling. The coriolis illusion
produces a feeling of tumbling and is often associated with nystagmus, a disruption in
the pilot’s ability to focus on objects (i.e. flight instruments). Since coriolis-inducing flight
conditions are not uncommon, it's important for pilots to recognize the illusion and
attempt to avoid it.
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4.1.9 Psychological

Two psychological phenomena are particularly influential in negative response to upset
flight conditions. The first is entry into a state of pan/c, defined as @ "maladaptive
reaction of flight, immobility, or disorganization stemming from intense fear".” Panicking
can result in an inability to rationally evaluate the situation and make apprepriate
decisicns, as well as physical reactions such as nausea, clammy hands, and an inability
toc move. All of these reactions can make upset recovery difficult or even impossible. By
the time a pilot recovers from the panic episode, so much time may have elapsed that

the opportunity to recover the aircraft has passed.

A second psychological phenomencn relevant to improper pilot response ¢ upsets is the
human tendency under new conditions to rely on intuition devetoped in slightly different,
and often more stable, conditions. Sometimes called negative transfer, this condition
results from a lack of training, currency or recent experience for the flight conditions the
pifot encounters. The pilot will, in this case, revert to “operating the aircraft on pre-
consciously executed previously learnad skills that are not being monitored by the
conscious brain."” These skills, while appropriate for the pilot's familiar flight
envircnment (i.e. normal flight environment) are usually not appropriate for the upset
flight environment. This psychological tendency often plays a role in unsuccessful upset
recovery attempts. An example would be the decision by a relatively inexperienced pilot
to pull on the yoke when inverted, resulting in a dive instead of the desired climb.

5 UPSET ACCIDENT REVIEW

As discussed above, many of these incorrect responses can result from reliance on
intuition and previously learned skills gained through extensive experience in a normal,
stable flight envelope and can be exacerbated by a panic episode. The application of this
intuition to an upset condition rarely corrects the condition, and often resuits in a more
serious flight condition. Other incorrect responses may resuit from spatial disorientation
due to confiicting vestibular data communicated to the pitot by his or her senses”, from a
lack of visual cues, or inability to focus on and properly interpret the flight instruments
to perform a correct recovery. Other accidents and upsets have resulted from an
inappropriate reliance on the autopilot in upset conditions, but these incidents are
omitted here since they are ocutside the scope of training pilots to manually recover from
upsets.

Data on recoveries and attempted recoveries from upsets is statistically suspect due to
the nature of aviation upsets and accidents. If an upset condition resuits in collision with
terrain, it may be impossible to procure information from the flight crew regarding the
decisions made in the cockpit. If a pilot accidentally allows his aircraft to enter an upset
condition and successfully recovers, it is unlikely that information concerning the
incident will be voluntarily offered, as it may jeopardize his or her career, In some cases,
recovery from an upset may produce noticeable damage to the aircraft, which generally
results in an investigation of the pilot’s in-flight actions. In instances where the flight
crew is unable or unwilling to offer information, navigation information, air traffic control
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transmissions, and black box recordings often aid in the successful reconstruction of an
accident.

Due to the large number of recorded upset incidents, it is useful to compile a sample set
representative of the different types of upsets defined in this study. This sample
comprises incidents from which there is adequate data available to clearly understand
the flight conditions and reproduce the flight crew’s actions in response to the upset
condition. Some accidents are examples of multiple upset conditions, or show a
progression from one condition to another. The following accident synopses familiarize
the reader with some typical upset scenarios and aid in the conceptualization of an
upset aircraft,

This is not intended to be an exhaustive list of upset occurrences, nor is it intended to
be representative of all possible upset scenarios since such a listing is beyond the scope
of this research.

5.1 United Airlines Flight 232: July 19, 1989 aircraft
damage/malfunction

This attempted upset recovery is an illustration of proper upset recovery technigue.
While cruising at approximately 37,000 feet, the first officer and pilot of United Airlines
Flight 232, a McDonnell Douglas DC-10, felt a jolt go through the aircraft, received an
aural engine failure warning and saw the autopilot disengage. The second engine’s N1
fan disk had broken in two, blowing the fan cowling off and pulling out the entire
hydraulic system with it. The engine shrapnel had flown in many directions: slicing ten
feet off of the tail, cutting the horizontal stabilizers and lodging itself in the remaining
tail. The control column had become ineffective in controliing the aircraft, which began
oscillating in a phugoid cycle, constantly exchanging airspeed for altitude, and vice
versa. The aircraft was in an aircraft damage/malfunciion upset condition.

A DC-10 flight engineer and line check pilot coincidentally on board offered his services
to the pilots, and quickly ascertained that the entire hydraulic system was irreparably
damaged, rendering most of the aircraft’s controls inoperable. Realizing that the only
control remaining was the remaining two engines’ throtties, the flight crew began
making coarse adjustments in their flight path and attitude using differential thrust of
the remaining engines, acceleration and deceleration. After being cleared for an
emergency landing in Sioux City, Iowa, the flight crew began a rough throttie-controlled
descent towards a 9,000-foot runway by dumping fuel and making a series of turns”.
An unsuccessful attempt to push hydraulic fluid info the controls by putting down the
landing gear was made. The pilots redirected to a paraliel and smaller runway when
they could not make an accurate approach to the larger one, and a somewhat controlled
emergency touchdown was made in a right-banked attitude. The resulting crash broke
off the right wing and divided the fuselage into multiple parts. Although 110 people
perished in the crash and resulting fire, another 185 survived it due to the proper and
timely response of the flight crew"",
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The flight crew responded quickly and accurately to the ajrcrart malfunction upset
condition, first identifying what had maifunctioned and what damage had been done to
the aircraft, then checking which controls were still functioning. Reatizing how serious
the damage was, they began planning as safe a landing as possibie. The use of only
throttle to control the airplane is a good example of resourceful use of remaining
equipment. Although the recovery was not as successful as desired, this upset incident
was an incredible example of proper upset recovery technique.

5.2 Aircraft N4OAN: January 10, 2007 pilot error, nose low,
energy high, banked; overspeed; departure

During an intentional in-flight maneuver, the pilot of a Learjet 35-A found himself in an
unintentional upset condition. At the cruise altitude of approximately 22,000 feet, the
pilot initiated an intentional aileron roll, during which he subsequently lost control of the
aircraft, Attempting to recover while on full cruise power, the pilot pulled on the yoke
while still having a bank angle of approximately 90 degrees, which resulted in a nose
low, upright, high energy condition. While descending through 20,000 feet, the airplane
began to overspeedin its near wings-level, nose down condition, and the pilot’s
subsequent sharp pull on the yoke and engagement of the elevator resulted in excessive
G-loads on the airframe. Returning to a moderate nose up condition through more
controlled use of elevator and yoke, the pilot executed a normail landing, but the aircraft
overstress had caused substantial damage to its left wing and elevator assembly.

This incident is an example of an improper recovery form a nose low inverted upset
condition foliowed by a mixed recovery from a nose low, upright, high energy upset
condition, as well as from a departure from controlled flight upset. The pilot’s intuitive
response to the loss of control, nose iow situation was to pull on the yoke, but with the
aircraft banked at a greater than 90 degree angle, this action resulted in a near vertical
nose down condition with excessive altitude loss and overspeed of the aircraft. The
pilot's improper reaction to the nose low overspeed condition of abruptly pulling on the
yoke resuited in the exposure of the aircraft to unsafe levels of G force and airframe
damage. The pilot's subsequent slow return to a near wings-tevel condition while in a
nose down overspeed was correctly executed and the aircraft was returned to leve,
controlled flight. Had the pilot correctly recovered to a relatively wings-level position
early in the upset scenario, the subsequent gradual pull on the yoke would have
returned him to a normat flight envelope, instead of resulting in an overspeed and dive.
Similarly, a more gradual recovery from the nose-down condition would have spared the
airframe from high G exposure and damage, and was still possible at the altitude of
approximately 20,000 feet.

5.3 American Airlines Flight 587: November 12, 2001 wake
turbulence encounter, aircraft damage/malfunction

The initial upset condition encountered by American Airlines Flight 587—wake
turbulence—is relatively common among aircraft flown at airports serving large jets.
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When large aircraft depart from runways and climb to cruise altitude, large wingtip wake
vortices can remain in the air for many minutes after the aircraft has departed. These
vortices are particularly hazardous to smaller aircraft, but can also adversely affect
larger aircraft. Although a minimum following distance of 5 miles behind a large jet is
standard, wake turbulence encounters are stifl common. In this case, the pilot and co-
pitot of an Airbus A-300 departed approximately five miles behind a larger Boeing 747,
which left considerable turbulence in its wake™. After retracting the landing gear at
approximately 1,700 feet, the Airbus A-300 pilot acknowledged instructions to turn to
the left.

During this turn, the aircraft encountered turbulence left by the preceding Boeing 747 in
its climb. The flight recorder indicated that the airframe experienced loads on the order
of negative .3 G down and .07 G left. This combined with indicative air data indications
is consistent with a wake turbulence encounter. After climbing to 2,300 feet, the aircraft
again encountered turbulence; the bank angle became approximately 23 degrees left
wing down and the plane oscillated slightly in response to the turbulence.

As the G load shifted slightly, the first officer moved the rudder pedals to essentally fuil
deflection through 3.5 lateral cycles in a 45 second period. Simultaneously, the yoke was
moved faterally left and right to full defiection. Approximately three seconds after this
series of larger than normal rudder and faterat yoke input, with the rudder still deflected
about 11° right and the aircraft traveling at an airspeed of approximately 250 knots, the
first officer added full power, putting the rudder in opposition to the flight path and
entering a sideslip, resulting in the entire vertical stabilizer separating from the aircraft™.
At this point, the aircraft entered an aircraft damage/malfunction upset condition, and
the first officer continued inputting commands to the rudder and elevator for a short
period of time, not realizing that the entire vertical stabilizer had separated. The aircraft
entered a dive and impacted the ground less than fifteen seconds later,

The National Transportation Safety Board hypothesized that the rapid alternation
between near-full left and right deflection of the rudder twice exposed the fin to more
than 200% its limit load as listed in the manual, and multiple times to force well over its
maximum load (1.5 times the limit load) before the fin was torn from the aircraft”.
According to the Nationai Transportation Safety Board, as well as Airbus 300 flight
engineers, the crash can be attributed primarily to the aggressive control inputs, which
caused airframe overstress and structural failure and not to any inherent flaw in the
Airbus 300”.

The aircrew had recently graduated from American Airlines Advanced Maneuver Training
(AMT). These crew members had been instructed to authoritatively apply inputs to
recover from an upset. The crew was further taught that the flight controls were
equipped with protection from structural overload, which was not so at this flight
condition. Last, it was discovered that the tail was designed for one full deflection input;
however, cycling the rudder several times introduced additional dynamics that were not
originally designed for.



P

AR 1
s BB
NASTT &

7

Environmental Tectonics Corporation

5.4 Aircraft N9253N: July 16, 1999 nose low, high energy,
no/low banlk angle; nose low, high energy, inverted

A relatively inexperienced recreational pilot departed Essex County Airport in New Jersey
in a Piper Saratoga II, a single engine propeller aircraft. Leaving at dusk, he experienced
night conditions with deteriorating visibility as the aircraft headed towards its destination
of Martha's Vineyard. Although not instrument rated, the pilot had limited experience
flying in instrument conditions and was expecting visual flight rules weather as he
followed the coast north toward his destination. According to a number of other pilots
flying that night, marginal visual flight conditions prevailed, and the horizon was hard to
visually discern, even from a low altitude™,

At an aftitude of approximately 5,500 feet and a distance of 34 miles West of Martha’s
Vineyard, radar showed that the aircraft began a sudden descent, possibly as a result of
pilot disorientation or pilot reliance on outside visual and sensory cues rather than flight
instruments to gauge altitude. It is hypothesized that the pitot unintentionally moved the
yoke while straining to visually discern his location relative to his intended landing
airport. After descending for several minutes, the aircraft began a 30 second climb from
2,200 to 2,500 feet before turning left and climbing another 100 feet. Having few visual
cues over the ocean in hazy conditions, the pilet likely initiated a series of turns and
varied his altitude slightly before finding himself in & nose fow, upright, high energy
upset, With the nose deflected approximately 15° downward and the aircraft descending
at 900 feet per minute, the pilot initiated a right turn which resulted in a near inverted
attitude (a nose low, inverted, high energy upset.) In response to the resulting dive and
rapid loss of altitude, the pilot likely panicked and instinctively pulied on the yoke, which
due to the inverted attitude, resulted in a spiraling dive toward the ccean. Presumably,
the pilot did not consult his flight instruments and was not aware that he was in fact
inverted. Upon impact the aircraft was moving at approximately 55 miles per hour in the
vertical direction and the pilot and his passengers were killed on impact.

The pilot’s decision to continue flight in marginal visual flight rules conditions was a
contributing factor to the upset and crash that followed. Regardiess, the pilot's response
to his upset condition was incorrect. Had he consulted his flight instruments and
identified a nose low, upright, high energy upset, the pilot could have reduced power
and initiated a slow recovery by puliing back on the yoke, and then adding power to
gain altitude. The decision to attempt to turn out of a dive was a poor one that
worsened his flight attitude and produced an inverted upset. The pilot either did not, or
was incapable of, using the flight instruments to discern his altitude and flight attitude
and instead likely relied on intuition that was not relevant to his situation, which led him
to plunge his aircraft into the ocean.
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5.5 Aircraft N768H: June 24, 2006 nose high, high energy,
upright; nose low, high energy, upright

A private pilot and flight instructor, both experienced pilots, departed from a small
airfield in Big Timber, Montana on the third leg of a training fiight to Everett,
Washington. The private pilot had purchased a Pilatus PC-12/47 and was receiving
instruction in the aircraft, a large, single-engine turboprop aircraft. After transmitting to
the Common Traffic Advisory Frequency (CTAF) that they planned to simulate an engine
failure and a 180° turn to return to the airport, the pilots left the runway on a normal
flight path.*™

Approximately one minute after leaving the ground, the aircraft’s nose was seen quickly
climbing to about 30° nose high, immediately followed by a sharp bank to the right,
presumably initiated by the pilots. The plane banked nearly 90° to the right, then the
nose dropped to a 45° nose down position with the bank angle still well over 45°*,
resulting in a nose low, high energy, upright upset condition. Attempting a high-energy
roll out to wings level position with aggressive use of ailerons followed by simultaneous
pull up from the terrain, the pilois were unable to gain altitude and began a banked dive
towards a ridge adjacent to the airport™. Pulling sharply on the yoke, they commenced a
recovery to level flight, but the sharp bank angle made recovery difficult, and the right
wing tip impacted the terrain; both pilots were killed in the subsequent crash.

This accident is an example of improper response to a nose high, high energy, upright
upset condition. The initiation of a simulated engine failure so low to the ground limited
the pilots’ recovery options, and necessitated quick and effective decision making by the
pilots. From a Aigh energy, nose high position, an improperly executed aileron
application is likely to result in a high-bank, aggressive nose-down condition. By
attempting to aggressively roll to wings level and then pitch up, the pilots were unable
to gain altitude very quickly. Their final decision to pull sharply on the yoke and away
from terrain was unsuccessful due to their high bank angle. Although recovery from the
difficult upset condition initiated by their failed engine simulation would have been
challenging in any case, their choice to puli to level flight before rolling to wings level
made subseguent recovery unlikely.

5.6 Training Currently Available
There are several avenues for URT currently available. However, each has shortcomings.

5.6.1 Hexapod

Motion emulation is the ability of a system to accurately create the forces seen during
real upsets. The forces that are created by flying in upset conditions are both sustained
and much higher than can be generated with current FAA approved motion based
simulation technologies. Hence, simulators cannot accurately create the motion
environments of an upset.
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5.6.2 In Aircraft Training

Light aerobatic aircraft can generate the sustained forces encountered during an upset.
However, these types of aircraft have very different flying qualities than large transport
aircraft. Using aerobatic aircraft for large aircraft upset training would be akin to
learning to drive an 18-wheeler using a Corvette. FAA approved hexapod type simulators
do an excellent job of recreating large aircraft flying qualities, but as mentioned above,
are not capable of accurate motion emulation.

5.6.2.1 Calspan (www.calspan.com)

Calspan is the most popular and well-known URT course
available. This is due to their unique capability of a
variable in-flight stability Lear Jet. This particular aircraft
is equipped with a one-of-a-kind digital flight control
system that can be changed in flight to make the aircraft
flying qualities mimic other aircraft. As a result you can
practice a limited number of upsets in this aircraft as they would occur in a large
transport aircraft. The major limitation with this training approach is that this aircraft is
not permitted to perform aerobatics. Hence, the severity of the upsets is limited.
Calspan makes up for this by using an aerobatic Beechcraft Bonanza light aircraft for
more exireme upset examples,

5.6.2.2 Ex-Military Aircraft

Ex-military aircraft, which are typically training aircraft or
light fighters, have performance characteristics well suited
for URT; however, their handling qualities are more
towards the Corvette end of the earfier comparison.

There are several companies throughout the United States
that offer 1 to 3 day URT courses. While the entry speeds
and altitudes may be similar to large transport aircraft, ex-military aircraft are much
more responsive and capable of higher ¢ loading. This can lead to negative training
should a pilot experience an upset in a large transport category aircraft and expect it to
react as guickly as the ex-military aircraft they trained in.

5.6.2.3 Light Aerobatic Aircraft

The last category of URT uses light aerobatic aircraft such
as an Extra-300. These courses have problems similar to
the ex-military aircraft mentioned above but are further
removed from realism in that they operate at airspeeds
and altitudes far less than transport aircraft.
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6 EXPERIMENTAL SETUP

For the purposes of this investigation, a group of pilots experienced flight upset profiles
in the GYROLAB GL-2000 centrifuge-based simulator. The experiment involved two
distinct stages that correspond to tasks defined in NASA Grant # NNLO6AA21G as
follows:

1. Physiolegical Investigation (PI) Stage {Task III)
2. Upset Recovery Training (URT) Stage (Task II)

6.1 Test Maneuvers

The test maneuvers consisted of a set of preset upset profiles based on the upset
categories listed above.

6.1.1 Upset Profiles

Fourteen flight upset profiles were extracted from NTSB mishap reporis where aircraft
entered upset conditions that subsequently resulted in an aircraft accident. All fourteen
of these NTSB based profiles were used for the physiclogical investigation group. A
subset of seven of these fourteen profiles was used for upset training group evaluations.
These profiles were given in a randomized order during evaluation and experimentation.
Additionally, 66 profiles were generated representing the various classes of upsets. A
table detailing each profile is provided in Appendix B.

6.1.72 Test Manewuver Execution

At the beginning of each upset profile the pilot was instructed to set the throttle at 50%
and not actuate any fiight controls until told to recover. The appropriate profile was then
initiated. Once the upset condition was reached, the pilot was instructed to take control
of the aircraft and recover from the upset. Each upset scenario was considered compiete
when the pilot returned the aircraft to controiled level flight or when an accident
occurred. After the completion of each upset, the aircraft was returned to a short period
(10 ~ 20 seconds) of straight and level flight, allowing the pilot time to reacclimatize.

Pilots are required to keep their eyes open during the development of the upsets. This
is done for two reasons. First and foremost, the lack of visuai cues tends to induce
motion discomfort. This is true in any case, simulators, airplanes, rolier coasters, etc.
Secondly, the instructor must be able to see the participant’s eyes for safety monitoring
at all times. There are advantages to this method which are discussed in the Lessons
Learned section.

7 TEST DATA SUMMARY
The following data sets were collected for this investigation:

¢ Pilot Physiology
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e Flight Control Input
e Simulator Motion
e Audio/Visual

A comprehensive list of test measurements is provided in Appendix A: Test
Measurement List (TML). Physiological data was collected using the BIOPAC monitoring
equipment. Aircraft performance data was drawn directly from the Matl.ab based
aeromodel. Motion performance data and pilot inputs were taken directly from the
motion computer. The GYROLAB GL-2000 is equipped with on board CCTV for recording
the pilot's motions and verbal communications.

7.1 Experimental Hypothesis
Experimental hypotheses were developed as mentioned previously based on the Tasks.

Task II: Sustained motion simulation is of sufficient fidelity that through a training
program combining classroom and centrifuge-based simulator instruction, pilot reaction
to unplanned upsets can be improved.

Task III: There are identifiable psychological and physiclogical responses that occur in
pilots when their exposure to an unplanned upset results in a mishap.

7.2 Simulator — GYROLAB GL-2000

There is only one technology currently available that satisfies both the need for large
aircraft flight dynamics as well as sustained motions, ETC's GYROLAB product line.

Approximately 19 GYROLAB's have been commissioned around the world to date. For
purposes of this study, the GYROLAB GL-2000 located at ETC's National AeroSpace
Training And Research (NASTAR) Center in Southampton, PA was used. This device was
commissioned and was in service for the USAF at Brooks AFB for many years as a
research device until being re-purchased by ETC for use at NASTAR Center. The GL-
2000 was re-fitted as to replicate the left seat of a large civil transport aircraft cockpit
using Boeing 767 cockpit hardware. An aeromodel, provided by NASA was integrated
into the GL-2000.

Since commissioning at the NASTAR Center in August of 2008 the GL-2000 has served
as a URT research test bed for the FAA, Embry-Riddie Aeronautical University (ERAU)
and NASA. It has been used for URT for ab initio and experienced airline pilot training as
well. All of the research and training efforts have demonstrated that the GL-2000 is a
superior URT device and provides a learning environment unmatched by any other
device or training method because of the unigue motion platform.

The GYROLAB GL-2000 is an interactive training system. In the GYROLAB GL-2000's
simulated aircraft flight environment, trainees learn to rely on their flight instruments to
maintain control. Interactive learning profiles and closed-loop flight controls allow the
trainee to practice control actions. The GYROLAB GL-2000 can simulate the in-flight
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stimulation of the visual, vestibular, and proprioceptive systems that can cause pilots to
hecome disoriented while fiying. The GYROLAB GL-2000 has the unique capability to
provide controlled, sustained G-stimulation with its planetary axis, and £360 degree
rotation in the yaw, pitch and roll axes. These capabilities also make the GYROLAB GL-
2000 a powerful tool for upset recovery training, situational awareness training, research
and motion sickness desensitization. The GYROLAB GL-2000 located at ETC's NASTAR
Center in Southampton PA was equipped with the left-seat of a large civil transport
aircraft cockpit, corresponding flight controls, and aircraft modeling software for this
project. A breakdown of the GYROLAB GL-2000's performance is provided in Table 2.
GYROLAB GL-2000 Performance Specifications.

Table 2. GYROLAB GL-2000 Performance Specifications

PMOTION BASE SYSTE
D Prowdes sustaines mation stirmuli moany axis Gy, Gy, B2
| Electrerechan cal, 4 gses of motion

2 continuc., E MG HBNECUS

ohon 1 oyae o

Figure 1 and Figure 2 below show the GYROLAB GL-2000 at NASTAR Center and the
GYROLAB GL-2000 cockpit as configured for this research project.
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Figure 2. Cockpit of the GYROLAB GL-2000.

7.3 Subject Group

The subjects were chosen using the same criteria for both Tasks. The AirLine Pilots
Association (ALPA) was kind enough to circulate an announcement in their reqular
newsletter. The response to this notification was phenomenal and as a result the
candidate pool was diverse enough for further selection. Each candidate was required to
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have at least an ATP and current third class medical. No one could have had previous
specialized URT. Standard FAA or basic company URT was acceptable.

The question was then posed as to whether or not pilots with military training shouid be
used as subjects given the fact that all military aviators go through extensive aerobatic
and upset recovery training. However military trained pilots make up a large percentage
of the pilot population, excluding them would inaccurately skew the data. The decision
was then made to include military trained pilots and attempt to enlist as close to a 50 /
50 ratio between civilian and military trained pilots as the candidate pool and schedule
would allow. Due to several scheduling last minute scheduling conflicts, usually due to
pilots heing called to fly, the resulting spread was 35% military pilots for the entire
investigation with 31% and 38% for the physiological and training investigations
respectively. This may be more representative as the current percentage of military
trained aviators in the industry in on the order of 20%.

Subiects were de-identified for protection of privacy. Each pilot was given an ID number
based on initial participation date and a roster number for that day. For instance, the
second pilot to come in on March 27, 2009 would be given the identifier 200903272.

7.4 Familiarization

Each pilot was provided with a familiarization program prior to any research flights.,
Pilots were coached as necessary to complete the assigned tasks with careful
consideration not to provide URT type coaching so as not to give an unfair advantage
and spoil the data. The familiarization process is as follows:

741 InSD (pitch, rofl, and continuous yaw) Mode

s Aircraft is placed 10 miles out on approach on localizer and glide slope. Pilot is
instructed to complete the landing.

o Aircraft is placed at 300 kts / 20,000 ft in the clean configuration. The pilot is
then instructed to complete two aggressive turns to 60 degrees of bank or
greater. These are followed by a wing over maneuver. In the case of several
civilian trained pilots, they were refuctant to rolf the airplane greater than 306-45
degrees of bank. In these cases it was necessary to have these individuals
complete a 360 degree aileron roll in order to make them more familiar with
extreme maneuvering.

(Note: Pilots were specifically informed that the extreme maneuvering flight was for
purposes of upset recovery training only and was not to be used during normal flight
conditions. )

Z.4.2 In TFS (pitch, roll, yaw, and planetary) Mode

e The latter exercise in the SD mode portion is repeated with TFS mode turned on
to give the pilots a chance to experience how the device generates G forces.
This exercise is strictly limited to 5 minutes in duration in order to give the
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subject just enough time to acclimate while minimizing exposure time and
chances for motion discomfort

7.5 Analysis Tool

Numerical data was supplied by four different sources all working on different time
scales:

e MC — Motion Control Computer
= AC - Aeromodel Computer I/0's
e« Aeromodel Log Files

s BioPack Hardware

A code was generated to synchronize all data for a given upset and store that data in a
master .mat file for each upset. A companion code called QuickPlot was generated fo
read these .mat files and provide data to the research for analysis. An example of the
main QuickPlot output screen in shown in Figure 3. QuickPlot Main Output Screen
Example. QuickPiot aliows the user to select any upset based on date, subject number
and upset number. All available data variabies are shown in the list on left which can
then be selected and plotted vs. data from the current upset or other previously plotted
upsets. The left and right axes are independent to aliow for plotting of variables on
different scales. A green vertical line is also shown to indicate where control was
relinquished to the pilot and the recovery attempt was commenced.
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Figure 3. QuickPlot Main Output Screen Example,

An additional functionality was added to provide for anaiysis of the major physiological
parameters. This functionality is called PhysPlot an Example of which can be seen in
Figure 4. PhysPlot Example Output., The code was automated to generate a PhysPlot
output for every upset in the Physiological test sequence. As with the main QuickPlot
output, & green line denotes the start of the upset.
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PHYSIOLOGICAL INVESTIGATION

Figure 4. PhysPlot Example Qutput.

Each member of the PI group was at NASTAR Center for one day only. The pilots were
placed in the GYROLAB GL-2000 for the familiarization flight as defined above. After the
familiarization flight, the pilot was tasked with completing a set of upset profiles: NTSB

1-14, which correspond to the 10 upset categories listed in Table 1. Upset Categories.

The profiles included the 7 evaluation profiles from the URT curriculum and 7 other

profiles, denoted as Physiological Investigation. In random order, the 14 profiles were

administered to each pilot during two flight sessions of approximately twenty minutes in
jength.

8.1 Subject Schedule

0800 — Informed Consent
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0900 ~ Tour of NASTAR Center
0930 ~ Program Briefing

1000 —~ Familiarization

1130 — GYROLAB Fight #1
1330 — GYROLAB Flight #2
1630 — Debrief

1700 ~ Departure

8.2 Physiological Measurement Apparatus
The following measurements were taken on all PI subjects using the methods noted.
e Blood Pressure - Sphygmomanometer
o Eye Movement - Electro Ccculograph
e Respiration Rate and Depth - Pnuemograph
e Pulse / Oxygen Saturation - Pulse Oximiter

s  Skin Temperature - Thermometer

9 NTSB UPSET PROFILES

The upset profites used for the physiological investigation were all based on NTSB
accident data. A list of the starting flight conditions for the fourteen profiles used is
provided in Table 3. NTSB Based Physiological Investigation Upset Profiles.

Tablie 3. NTSB Based Physiological Investigation Upset Profiles

Aircraft Bank Pitch Altitude Airspeed
1 Fully functioning 15 feft 25 nose down 4,000 ft 165
2 Fully functioning 70 right | 25 nose down | 15,000 ft Low
3 Fully functioning 120 right | 35 nose down 13,000 ft 180
4 Fully functioning 1G left 40 nose up 10,000 ft 170
5 Fulty functioning 60 left 40 nose up 15,000 ft Low
6 Fully functicning 180 40 nose up 10,000 ft Low
7 Fuily functioning 15 left 30 nose down 5,000 ft 320
8 Fully functioning 75 right { 20 nose down | 10,000 ft High
9 Fully functioning | 110 right { 20 nose down | 10,000 ft 330
10 Fully functioning 30 right 45 nose up 10,000 1t 310
11 Fully functioning 60 feft 45 nose up 10,000 ft High
12 Fully functioning 200 45 nose up 5,000 ft High
13 | Fully functioning | 5left | 20 nose down | 15,000 ft 360
{overspeed)
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9.1 Results

Arousal is the major factor in characterizing the nature of human reaction to situations
such as upsets. As humans vary widely both physiologically and psychologically there
are no absolute, quantifiable parameters that can measure arousal for all subjects.
Arousal factors are subject dependent. However, there are trends in behavior for each
subject and groups of subjects that can be identified to depict arousal in similar
situations. Arousal is definitely an identifiable point in time. The experiment depicted the
following generai characteristics of arousal:

e Arousal was most commonly shown by breathing due to the fact that breathing
registers the most instantaneous behavioral change.

« [Eye movement was a secondary indication of arousal.

e Puise can give a second order indication given the proper analysis.

9.1.1 Pruvemograph

A standard pnuemograph was used to measure expansion of both the thorax and
abdomen in order to measure respiration rate and depth. Breathing rate and depth were
clearly the most descriptive indicators of arousal. All participants displayed changes in
either breathing rate or depth immediately upon one of two events

1. Entry into extreme nose low, inverted or high-g flight condition.
2. Being given controt of the aircraft.

Arousal was characterized by a subject either holding their breath or breathing more
rapidly and deeply. The most common reaction of the two was to hold a breath for 10-
15 seconds. This time span also generally cosrelated to finding a solution to the upset.
Following the arousal period subjects either returned to roughly the pre-arcusal
breathing or breathed more slowly and deeply.

As mentioned above, there was a correlation between arousal and flight attitude.
Inverted upsets and extreme nose low conditions where the field of view was mostly
taken up by the ground caused many pilots to show signs of arousal prior to being given
control of the aircraft. This was especially true with civilian trained pilots. These pilots
would demonstrate signs of arousal, such as holding their breath, normally when given
control of the aircraft. However, when the aircraft was extremely nose low or inverted
this identical behavior would begin when the aircraft entered the extreme attitude.

Example data can be seen in Figure 5. Pnuemograph Data Example. This shows a typical
upset set up and recovery. The two blue lines are abdominal and thoracic pnuemograph
readings. Pitch stick is shown in red as a general measure of recovery activity. The
vertical green line denotes the time when control was relinquished to the pilot and
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Figure 5. Pnuemograph Data Example.

As mentioned above given the nature of the testing device, it was also not possible to
quantify the deltas between pilots. Varying chest sizes combined with differences in
simpie changes such as strap tightness resulted in data values that were not directly
comparable. Simple differences in reaction types also made guantification impractical.

The thorax pnuemograph reading must also be correlated to roll inputs. Roll yoke inputs
use the muscles of the upper body and hence cause an indication on the thorax
pnuemograph. If a correlation is not made roll inputs could be interpreted as breathing
motion.

9.1.2 Flectro Occulograph (EOG)

Each pilot was outfitted with EOG leads to measure vertical eye movement on the right
eye and overall horizontal eye movement. An exampie of a pilot outfitted for a PI flight
can be seen in Figure 6. Pilot Outfitted with EOG Leads.
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Figure 6. Pilot Outfitted with EOG Leads.

EQG data was not as effective as pnuemograph readings to display arousal but could be
used depending on the pilot. Eye movements were generally quick and small prior to
arousal. Once arrived and recovery attempted eye movements become larger but more
deliberate. All pilots were actively looking around for both the setup and recovery
portions of each upset. There were, however, three distinct visual aiming groups.
Group one continually looked out the window of the aircraft. Group two continually
looked at the instrument panel. Group three would be looking at both and shifting their
scan between the two. The latter group’s eye movement increased dramatically upon
being given the airplane due the need to rapidly change focus from out the window to
the instrument panel. This group was also generally more successful at recovering from
upsets than the other two.

Exampie EOG data is shown in Figure 7. EOG Data Example. As with the pnuemograph
data, the green line denctes the beginning of the recovery attempt and the red data is
pitch stick. In this case the blue data is both verticai and horizontatl EOG data. The data
clearly shows that eye movement during the set up was relatively minimal. Immediately
upon heing given control of the airplane, the pilot’s eye movement increases in a
scanning motion from between the instrument panel and out the window view.
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Figure 7. EOG Data Example.

8.1.2 Pulse-Oximiter

Pulse could be a good identifier of arousal, however, due to the fact that pulse is
measured as a wave, the data is considered second order and hence indication is
delayed. Analysis of the pulse wave fell outside the purview of this investigation;
however, it is discussed in Section 13.4.

Oxygen saturation displayed normal fluctuations between 97 and 99%. There were a
few excursions to 100% and 94%, however these were rare. More importantly there
was no discernable correlation between upset recovery and oxygen saturation.

9.1.4 Skin Temperature

The interior temperature of the GL-2000 was relatively high, to the point of pilot
comptaint. This problem has since been remedied, but unfortunately caused all skin
temperature data to simply show a steady climb through out testing. There was no
event dependent change in temperature.

9.1.5 Blood Pressure (BP)

The sphygmomanometer was a completely independent device from all other
equipment. It was turned on for the minimum interval of one minute prior to closing the
canopy. The start time was noted manually. BP measurements were taken automatically
every minute as long as the machine did not err due to arm movement. Depending on
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the type of error, the device would power off and/or data for that particular subject
would be lost. Upon the start of testing, time was again manually taken for comparison
with BP data. Following the end of each flight, BP data was printed manually via an
onboard printer.

The results demonstrated that this method is not practically feasible. In most cases the
data failed off due to pilot arm movement. This cannot be worked around as the pilot
requires the use of his or her arms o recover the airplane. In addition, simply marking
start times manually was not efficient either as timing was interrupted several times due
to various other unrelated testing events. In the end, less than 50% of the BP data was
useable.

9.1.6 Chewing Gum

Subject 200904031 exhibited a behavior that was interesting to this study. This pilot was
chewing gum during the evaluation flight, which was observed on the CCTV feed and
also registered on the EOG. Prior to being given the upset the pilot was actively
chewing. When given control of the airplane and recovery began, chewing ceased.
When the pilot felt that the appropriate recovery had been identified and begun, in
other words he thought he had it sorted out, chewing resumed. If there was a
secondary upset or an expected condition, chewing would cease again until the new
situation was solved. While not quantitative data, this demonstrates behavioral evidence
of arousal to some level whenever the pilot ceased chewing.

9.1.7 Importance of Order

Each pilot was given the upset series in random order. This was done to alleviate biasing
due to a repeated order or any post flight discussions between subjects in the same
group given later pilots an unfair advantage. However, this then negates the
measurement time dependent factors. For instance, familiarity with the simuiator and
pilot confidence generally increase with the number of upsets. In addition, fatigue or
growing motion discomfort increases in effect with upsets. These issues are potential
arousal factors, however, given the random order are not quantifiable.

9.1.8 Military vs. Civifian Training Correlation

Pilots with military training background tended to show less of a delta in a given data
set when aroused as opposed to those with civilian training. Military trained pilots also
typically demonstrated lower levels arousal than civilian trained pilots especially during
the g-onset phases of flight. Civilian trained pilots with aerobatic experience tended to
react similarly to military trained pilots.
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10 TRAINING INVESTIGATION

The URT group attended the NASTAR Center for a 2 day URT program. To assess
performance upon arrival, each pilot was given a pre-training evaluation of upset
recovery performance. The normal URT syllabus includes a post-training evaiuation that
was used to gauge pitot performance following training which consists of the 7 NTSB
profiles that are designated as Eval 1-7.

10.1 Training Syllabus

NASTAR Center's URT is designed to train pilots in today’s commercial aviation industry
to cope with and successfully recover from unexpected upset conditions. This consists of
providing pilots with advanced techniques in maneuvering and controlling beyond the
standard taught in normal flight training.

NASTAR URT is a two-day program composed of two major components;
1) Classroom instruction

2) Actual hands-on upset experiences in the GYROLAB GL-2000 full motion
simulator configured as a Generic Large Transport (GLT).

10.1.1 Academics
An cutline of the academics covered is as follows:
1. Introduction
2. Expecting the Unexpected
3. Training Goals
4, Aircraft Control
4.1. Lift Vector Control
4.2. Load Factor
5. Energy Management
5.1, Improper EM
6, Operation Limitations
7. Upset Specifics
7.1. Upset Causes
7.2. Secondary Upsets — Effects of Dynamic Maneuvering on Flight Crew
8. Recovery
8.1. Recognition
8.2. Analysis
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8.3. Recovery
8.4. Aircraft Specific Considerations

Following instruction, the participant experiences the information reviewed in the
classroom environment in the GL-2000. He or she applies this knowledge whiie flying
upset profiles. The profiles are organized to buiid up to the upset conditions. Each
profile has embedded maneuvers within the flight profile that produce many of the
conditions discussed in the classroom, thus providing criteria for evaluation.

10. 1.2 Subject Schedufe

Day Cne:

0800 — Informed Consent

0830 — Tour of NASTAR Center
0900 — Pre-flight Briefing

0930 —~ Flight 1: Familiarization
1200 ~ Lunch

1230 — Flight A; Pre-evaluation
1430 ~ Academics

1500 — Flight 2: Aircraft Control

Day Two:

0800 ~ Academics

1000 — Flight 3: Upright Upsets

1200 - Ltunch

1300 — Flight 4: Inverted Upsets and LOC
1500 — Flight 5: Evaluation

1630 - Graduation

1700 - Departure

11 RESULTS

Much like the physiological investigation, the dynamic and varied nature of recoveries
made the generation of quantification criteria difficuit. The most useful gauge of success
in upset recovery is instructor evaluations of the events. This is due to the fact that
judgments on the trainee’s actions must be continually updated for both correct and
incorrect actions throughout the myriad of flight conditions.
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Attempts have been made in the past to apply single variable dependencies to
evaluation of upset recovery. These attempts have met with limited success. This is
mainly due to the dynamics and large variability in recovery path possibilities. For
example, the idea of minimizing altitude ioss and maximizing G application as
independent criteria for grading upsets. However, if in a nose low upset, if the pilot can
minimize aititude loss with a lower G by slowing the airplane down, then the recovery
can be just as successful but the criteria does not hold true.

i1.1 Evaluation Profiles and Criteria

Seven evaluation profiles were used to measure each pilot student’s performance on the
basic skills required for upset recovery. The evaluation profiles are a subset of the list
provided in Table 3. NTSB Based Physiological Investigation Upset Profiles. The flight
conditions for the seven evaluation profiles are listed in Table 4. NASTAR Center URT
Evaluation Profifes. The profiles are referenced with the prefix EVAL and their
corresponding number 1 through 7. There is also a corresponding NTSB profile number
listed for reference.

Table 4, NASTAR Center URT Evaluation Profiles.

Airspeed Bank
Identifier Description KIAS :2;23 }?E%lf A!t(i;;;de
R}
NTSB-1 / Ezvall Nose Low - Upright - Low Energy 165 25 Dn 15 4600
NTSB-3/ Eval2z | Nose Low - Inverted - Low Energy 180 35Dn | 120 10000
'NTSB-6/Eval3d | Nose High - Inverted - Low Energy Low 40 Up | 180 | 10000
NTSB-7/Evald | Nose Low - Upright - High Energy 320 30Dn | 15 5000
NTSB-8/Evals | Nose Low - Upright - High Energy | High | 20Dn | 75 10000
NTSB-9/Eval6 | Nose Low - Inverted - High Energy 330 20 Dn | 410 10000
NTSB-14 / Eval7 | External Factors - Wake Encounter Low 20Up | 110 | 3000
11.1.1 EVALIS

The 165 kis case is a stall recovery scenario. The airplane is given to the pilot following
the stall break and has aiready started gaining speed. This is as close to a full stall
profile as a full stall is not feasible in this type of simulation. A full stall cannot be
maintained in a profile set up due to the fact that as soon as control is relinquished to
the pilot, since the pilots are not hoiding the yoke back, the nose immediately falis and
the airplane recovers on its own due to natural stability. The airplane is put into a stall
during this set up for Eval 1 and the shaker does go off. As mentioned, by the time
control is relinquished to the pilot the airplane has begun recovery on its own. The
profile trains the pilots to allow the airplane to gain airspeed for an effective recovery
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and not pull the airplane into a secondary stall similar to what has been alleged to have
happened with Colgan Air.

11.1.2 EVALZ:

This profile is an example of an extreme case where the airplane is at low airspeed,
nose low and inverted. This could be the case during an incipient spin type situation or
wake encounter.

Recovery from this event requires that the pilot demonstrate proficiency in unloading the
airplane for roll, proper iift vector contrel in not leading the airplane until the lift vector
is pointed in the positive direction and proper energy management in adding an
appropriate amount of throttle in order to recover from the slow speed condition while
not adding too much given the airplane is already nose low and is prone to overspeed.

11.1.3 EVALS:

This profile is a worst case low-energy scenario. The airplane is inverted at & very nose
high attitude. This particular profile is an example of what might happen following an
instrumentation faiture on departure perhaps complicated by turbulence or a wake
encounter. The airplane is given to the student inverted, nose high at low airspeed.
This is the most difficult evaluation profile as evidenced by the repeated difficuity found
in effective recovery.

The student must simultaneously unload the airplane, continue the roli towards the
quickest horizon and apply full power immediately upon being given the airplane. The
pilot must stop the roli rate to demonstrate bank angle for pitch controi as the recovery
from the nose high attitude.

The most common mistake is to continue to roll to wings level upright and push over the
top to recover. Many pilots have done this incorrectly and immediately upon completion
of the maneuver recognize their mistake. The program has been updated several times
to address this specific area of training. Resolution of the problem was done via
breaking up basic concepts as a “toois for the toolbox” concept. This includes stressing
the use of “bank angle for pitch control” in a nose high scenario as a basic tool that is
then reinforced several times for varying types of upsets. The final training groups that
were presented the material in this way performed markedly better in the Eval 3 profile.

11.1.94 EVAL4:

Eval 4 is a potentially insidious event. The airplane is given to the student with a slightly
low nose low and mild bank angle, which by themselves are not particularly dangerous.
Left unchecked, however, the airplane will guickly transition through airspeed limits.
This tests the pilots on the appropriateness of reaction times.
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11.1.5FEVALS:

The conditions of Eval 5 test the pilot on lift vector controi during a nose low, high
energy event. The airplane is a high but positive bank angle, The pilot must recognize
that, although the bank angle is high, the aircraft is not inverted and immediate
application of aft stick is necessary in order to alleviate an exacerbated nose low
situation. The pilot must also note the excessive airspeed and adjust throttle
appropriately.

11.1.6 FVALG:

Eval 6 tests the inverse of Eval 5. The airplane is relinquished to the pilot nose low,
slightly inverted. The pilot must recognize his or her inverted condition and react by
unfoading and rolling to the guickest horizon. Once a positive bank angle is achieved,
the pilot must transition from forward stick to aft stick and effect a safe recovery. This is
counter to Eval 5 where the bank angle is positive from the beginning and the pilot must
immediately load the airplane for recovery.

This is the second most difficult recovery in that it precipitates two common errors. The
first is that the pilot does not recognize the inverted condition or executes poor fift
vector control and immediately pulis. This will quickly worsen the situation. The second
mistake is that pilot does not recognize that he or she is only slightly inverted and rolis
underneath, which is contrary to rolling to the quickest horizon and again extends
recovery time. In the worst cases pilots will make both mistakes by rolling in the wrong
direction and puiling. This resuits in a classic graveyard spiral. Most pilots recognize this
mistake prior to impacting the ground and though the recovery is very drawn out and
exceeds bhoth airspeed and structural limits, the aircraft is brought back to straight and
level flight,

In the most extreme case, during training in a similar profile there was one instance
where a pilot became totaily disoriented and continued rolling and puilling incorrectly
until the airplane impacted the ground. This pilot fell victim to a classic graveyard spiral
incident. His reply was to question whether the simulator was working properly. It was
not until the situation was explained and the profile rerun that he understood the
ramifications of his actions. This ilfustrates the importance of this particular profile,

11.1.7EVALZ:

This profile is a classic example of wake encounter on departure. The airplane is at a
departure flight condition at fow altitude and is subjected to an uncommanded roll.
When control is relinquished to the student the airplane has a roll rate towards inverted
and by the time the student has time to react the airplane is almost 180 degrees
inverted,

The point of this exercise is first to illustrate the effects of a wake encounter, even on a
large aircraft. It is then further meant to reinforce the concepts of unloading to keep the
airplane’s nose from attaining a nose low attitude while continuing the roil in the same
direction to affect a safe recovery.
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Most students perform relatively weil by continuing the roll with not guite enough of an
unload. The result is a slightly nose low attitude which is then recovered from normally
and safely using techniques taught in class. Students who recover in this fashion receive
a score of 4.5 out of 5 as the recovery is effective and safe with little room for
improvement. Approximately 95% of students recovered in this fashion. A few
exceptionally skilled individuals caught the airplane early and unloaded sufficiently so
the airplane simply roiled through nose level resulting in a nose level recovery that
required no extra action. In these cases pilots did not even have to touch the throttle.
These pilots received a 5/5. The remaining 5% of pilots recovered in this manner.

11.2 Instructor Evaluations

All pilots were graded on their gross recovery technique during the pre-evaluation and
post-evaluation. This was done specifically to provide a delta in performance between
the start of training and completion. Each profile was scored on a scale of 0 - 5 as
follows:

0 ~ Total aircraft loss.
1 — Unsuccessful recovery. Improper technique, damaged airplane, injured passengers.

2 — Substandard recovery. Some damage to aircraft and/or passengers’ injuries
probable. Recovery techniques marginal and put aircraft in unsafe flight condition.

3 — Mediocre recovery. Damage to aircraft or passengers’ injuries possible and some
flight conditions stiil considered to be unsafe.

4 — Successful recovery. No damage to aircraft or passengers, however some skills still
require improvement,

5 - Perfect Recovery. No comment.,

There was an improvement in base score of 42% hetween program entry and program
completion for all profiles. A breakdown of performance based on profile is shown in
Table 5. Instruction Evaluation Summary. Red data denctes an average score of less
than 3. Yellow is between 3 and 4. Green is 4 and above. There was only cne upset that
had an average scere less than 4, which was the nose high case. This was due to a
deficiency in training that was identified and fixed. This deficiency is discussed in the
lessons learned section to follow.

Table 5. Instruction Evaluation Summary.

Average Scores
Percentage Increase
Profile Pre Eval Post Eval In Average Score
EVAL1 | 3.67 | Damage / Injuries Possible |4 751 Sifccassfil Recovery 30%
- L
EVAL 2 408 ESuccessfil Recovery 48%
. e e o
EVAL 3 3.08 | Damage / tnjuries Possible 54%
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EVAL 4 } 3.25 | Damage / Injuries Possible 54%

EVALS | 3.00 | Damage / Injuries Possible | 450 | Siccessil Recovery | 50%
EVALG 56% -
EVAL7 . age/ Injuries Possible 18%

11.3 Post Flight Analysis Technique

Students were evaluated real time on their ability to recover from upsets, however, the
availability of post flight data aliowed for review of performance long after the students
departed the training center. QuickPlot was again used for this purpose. This also allows
for an effective means of breaking the recovery up by axis as necessary.

For instance pitch axis inputs can be evaluated separately from roll axis inputs when
appropriate or both can be combined and manipulated simultanecusly as can be seen in
Figure 8. Muiti-Axis Data for Dynamic Upset Recovery. This plot shows pitot input and
resulting attitude angie for both the pitch and roli axis for a nose high inverted upset.
The data shows that the pilot input aft stick while still inverted, which is an improper
technique.
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Figure 8. Muiti-Axis Data for Dynamic Upset Recovery,
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12 CONCLUSION

The experiment was successful in both tasks. The physiological investigation clearly
demonstrated the physiological effects of upsets on pilots. The increased levels of
arousal appeared to correlate with the “startle factor” and the cascading of events which
tended to lead toward task saturation and the selection of an inappropriate albeit
previously learned skill during the recovery, Each pilot reacts with different specific
reactions, general similarities exist that demonstrate how the pilot reacts to the upset.

Further the experiment clearly demonstrated the value added by upset recovery
training. The overall scores for pilots following training were demonstrated to be
significantly higher than those prior to training.

12.1 Lessons learned

12.1.1 Toolbox Method

There was a definite lack of retention of nose high, inverted recovery technigues in the
early training groups. Despite being successful during training, several pilots reverted to
rolling wings fevel and pushing to recover from nose high, inverted recoveries. To
correct this situation, the academic portion of the URT was enhanced to better break
down the techniques used for recovery. While changing the training mid-experiment is
net preferred, it was decided that providing good training had a higher priority than
experimental consistency in this case. The new training was highly successful as
recovery scores for the group post improvement were consistent with other upsets.

12. 1.2 Motion Discomfort

Some pilots experienced various levels of motion discomfort. While this makes training
difficult, it also provides a realistic environment for the individual. The majority of these
pilots acknowledged that, while uncomfortable, this was representative of what they
would feel in a real upset. This then challenged them to act appropriately under realistic
stresses they would not have otherwise experienced.

12.1.3 Seeing the Upset Develop Proviges Training Tool

As mentioned in an earlier section, pilots were required to watch the upsets develop.
There was concern that this was negative training in that it alleviated the startle factor
and allowed the pilot to anticipate the recovery prior to being given control. Neither of
these proved to be true.

Startle factor is already greatly reduced simply by the fact that a training event is
anticipated. Startie factor is maintained to the extent it can be in training by the fact
that upset sets are dynamic and vary in length. The aircraft transitions several flight
conditions during which time the pilot does not know when he or she will get control.
These circumstances allow for an increase in startle factor.
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Potentially the most useful part of the sequence is during the set up with the aircraft
transitioning a myriad of flight conditions. During this time the pilots are constantly
adjusting the plan for recovery real time in preparation for being given control. This
tasks each subject with quickly drilling on recognizing upset conditions and selecting
recovery procedures real time. Several of the pilots corroborated this positive training
aspect post flight, independently with no prompting what so ever.

12.1.4 No Pilot Left Behind

It is important to note that in no circumstance was a pilot allowed to leave the study
after having performed an improper recovery. Following the conclusion of experimental
procedures each pilot was given a critique if necessary regarding their performance.
This was done to alleviate any pilot feaving the study with negative training.

12.1.5 Ternperature Defta Sensing

Skin temperature sensing has proven valuable on other physiological investigations and
couid be so in this sense as well. The cabin temperature of the GL-2000 has already
been fowered by installation of devices to vent projector heat, which was the main cause
of high internal temperatures. Another option to increase fidelity may be to measure
cabin temperature and monitor for a difference in rate of change of temperature
between subject skin temperature and cabin temperature.

12.1.6 BP testing

BP data has also proven to be of great use in past experiments and would be useful
here. By the end of testing the team had become more efficient in fitting the BP cuff
such that the data would not fail off; however, synchronization and frequency were stiil
problems. Updated hardware could at {east partially solve both of these issues by wiring
to a data acquisition system and being able to manually start a reading real time.

13 FUTURE INVESTIGATIONS

13.1 Optimai Recovery Path (ORP)

There are many schoois of thought on what constitutes an optimal upset recovery,
including minimum altitude loss, minimum altitude deviation and maximum G
performance to name a few. However, these are all single variable solutions. Several
factors contribute to recovery flight path including aircraft performance, crew and
passenger physiology and external factors.

Little research has been done to date on determining, through the use of hard data, the
optimal flight path for upset recovery or how to measure such a flight path. Once
developed, these optimal flight paths would be used as the bench mark for training
pilots in upset recovery.
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NASTAR Center is uniquely positioned given our one-of-kind simulator technology
combined with decades of physiology experience to conduct this research and
implement it in a manner that will provide for a higher level of safety for the airline
industry as a whole. An in-depth description of this concept is provided in Appendix C:
Optimal Recovery Path Concept.

13.2 Man-Machine Interface

An area of man-machine interaction that could greatly benefit from further research is
the interaction between automated flight systems and pilots. Many pilots express
surprise at what their automated or semi-automated cockpit does in upset conditions,
and are unsure why those steps were taken, let alone how to counter the system'’s
actions™. The inclusion of classroom instruction in automated systems, rather than
haphazard instruction in the cockpit, would help pilots to understand what their autopilot
is doing, and when to override it.

Studies have repeatedly indicated that pilots who fly manually are much more capable of
manually recovering from unusual flight attitudes than those who fly using primarity
autopilot™, Further study is needed to determine the effectiveness of ground-hased
simulator training in avoiding deterioration of manual flight skills in pilots, especially the
deterioration of skills necessary to respond to upset conditions. A secondary focus of the
study could be to ascertain the relative effectiveness of ground-based simulator training
on experienced pilots, amateur pilots, and student pilots, determining at which stages of
a pilot's aviation career simulator training offers the most benefits. Additional research
could further examine the use of centrifuge and non-centrifuge flight simulators for
effectiveness in training pilots, and again determine if their use is most effective on
pilots in training or seasoned aviators.

Technology aimed at decreasing upsets has advanced greatly in the last few decades,
and may be on the edge of a breakthrough. Recent advances in the construction of
Aircraft Response Models for non-military planes may facilitate the development of
automated collision and upset avoidance systems in commercial aviation. Although data
has been acquired through wind tunnel studies and accident reconstruction, information
on the behavior of commercial aircraft in various stages of malfunction or damage is still
lacking. While admittedly a difficult flight regime to gain information about, the
continuing occurrence of upsets and accidents due to malfunction and damage call for
the development of an appropriate ARM. Advances in terrain awareness technology and
global navigation data can also quicken the development of automated recovery systems
for commercial planes by altowing aircraft to more accurately and more quickly
determine the placement and altitude of surrcunding terrain. By improving pilot
knowledge of the surrounding terrain, commercial pilots can be enabled to avoid
collisions and crashes further in advance and at reduced risk to their aircraft.

The standardization of commercial airlines’ pilot training systems is also needed. With
fuel and other operating costs rising, many airlines are turning to shorter, “express”
training programs that give pilots certification in fess time—and for less money-— than
before. Although certain aspects of training could certainly be streamlined, skimping on
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training is a disadvantageous maove in the long run. Pilots without adequate physiological
training, classroom instruction in autopilot systems, flight hours, and unusual attitude
practice are tess fikely to succeed in a manual upset recovery. A relatively uniform
training program including upset training, unusual attitude, and aircraft malfunction
training is necessary to allow only weli-trained pilots to fliy and thus help reduce aviation
upsets and accidents. This program would likely include a ground-based simulator
training component, but must also include adequate flight hours and classroom training.
Standardization of international flight communication protocol, for exampie, between
ICAO and the FAA may also decrease the chances of misunderstanding between pilots
and towers, thus helping to make upsets less common.

13.3 GYROLAB vs. Hexapod (GvH) Experiment

While the effectiveness of the GL-2000 as a URT device has been established, there is
still the question of & direct comparison with hexapod type simulators. There is little
doubt that the GYROLAB family of trainers provides advantages over hexapod
simulators, however, to what extent has yet to be quantified. A one for one comparison
with a Hexapod device is the next logical step in demonstrating and developing the
GYROLAB series of simulators for URT.

As demonstrated in the experiment described herein, there are two main avenues for
investigation with regards to the URT research; physiological and training. The GvH
Experiment should investigate both of the avenues to highlight the specific details on the
physiological nature of pilot reactions and the big picture analysis of learning via URT
itself.

13.3.1 Physiological Investigation

A major factor that differentiates upset recovery from nominal training is the
physiciogical, both mentai and physical, stresses placed on the crew. These stresses
include G forces, multi-axis accelerations and rotations that are not generally
experienced during nominai fiight. The human sensory system is bombarded with inputs
that it is not familiar with during these events. This bombardment can be measured as
fevels of arousal within the crew.

An investigation has already been executed that measures levels of arousal (stress) of
flight crew in the GL-2000 during upsets. A simifar investigation exposing flight crews to
similar conditions in both the GL-2000 and a hexapod simulator would demonstrate
directly that only GYROLAB type devices can generate these stresses.

Some basic protocois of the investigation are as follows:
e 40 experienced airline pilots.

e FEach pilot will fly upset series in both devices; haif will start in the GL-2000 and
haif will start in a hexaped device.



—

Environmental Tectonics Corporation

« Pilots will not be graded in an effort to reduce external, non-flight representative
pressures,

e The upset series will be identical for each device; however, the order will be
randomized.

e Physiclogical measurements will be taken:
o Blood Pressure
o Respiration rate and depth
o Temperature
o Puise / Sp0O2
o Eye movement

13.3.2 Training Investigation

Next, an investigation into the effectiveness of full up URT will be conducted. A
recommended group of 100 pilots will be used for this investigation. All pitots will receive
an identical set of academics as provided in the standard NASTAR Center URT course.
The pilots will be separated into two groups. One group will be trained using a hexapod
simuiator and the second will be trained using the GL-2000. Each group will go through
an evaluation sequence before and after training. The results of the evaiuation prior to
training will be compared with the resuits following to illustrate leveis of improvement,

Since pilots cannot be tested in actual aircraft, a creative ground based method must be
found. Testing in either device solely would provide an advantage to the group trained
in that single device. The oniy other option then is to test every pilot in both devices.
Hence, this is the currently recommended procedure, Half of each group wilt start in the
GL-2000 and half in a hexapod to ensure that any advantage to using either device first
is mitigated. Each pilot will again go through an identical set of upsets in random order.
The results of the comparison of the two groups will illustrate the strengths and
weakness of both devices. It may be logistically challenging to execute evaluations in
multiple locations; as a result this approach may need to be refined prior to execution.
However, af this time the solution described herein is the only viable option.

13.4 Higher Level Physiological Data Analysis

It is possibte that classical mechanical analysis techniques, such as frequency analysis
techniques like power spectral density, could be applied to respiration, eye movement
and pulse data. This could lead to more quantifiable parameters that could be tied more
closely to aircraft performance, especially in the case of aircraft with digital flight control
systems. This type of analysis would require a specialized avenue of study in order to be
successful.
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14 FINAL SYNOPSIS

URT is clearly a pivotal and essential program in the realm of air safety especially given
the fact that a high percentage of aircraft accidents are caused by inappropriate actions
during upset conditions. Current URT programs negiect the physiological factors that
occur during upsets that must be addressed in arder to afford all pilots the knowledge
and experience necessary to successfully recover from dangerous upset conditions. Full
motion, sustained G technology, as demonstrated by this experiment, is the only method
that can comprehensively and simultaneously provide the physiologicat and flight
dynamic environments necessary for effective URT.

Follow on testing should be performed in order to refine the training methods and
profiles presented here. The goal would be to more accurately characterize the subject
dependent physiological aspects of URT. The experiment conducted for this report
clearly demonstrates the validity of this approach and provides evidence that a larger
more intense study will be of great value to the development of future URT.

APPENDIX A —~ TML
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Description Variable Name  [1ype Units Hematks
Elapsed Time Timg Caontinupus fseconds -
Time elapsed during provicus MC frama FrameT Continuous fseconds -
Time elapsed dunng previous CC fraime cefFramel Continucus [seconds -
Simulator State State Discrete - -
Planstary Incremental Encoder - Raw PencEncRaw Discete -
Planetary Home Oisk PiHomeDisk Disciate
Foll Incremental Encoder - Raw RilncEncRaw Discrote -
Fell Home Disk AiHomeDigk Uiscrate -
Ann Position Command aCmdPos Continuous  jdegrees
A Delayed Command aDelCmdVel Continuous jdegress/ soc -
Arm Yelagity Command aCmdyel Continuous [degrees/ sec -
Arm Accaleration Command aCmdAco Continuous [degrees f sec”2 |
Arm Actual Position afctPos Continuous |degroes -
4 Arm Actual Velocily aActVol Continuous {degress / sac -
o Ann Drive Command alivCmd Continuous {Velts -
‘% faw Position Command yomdPos Continuous jdoegroes
> Yaw Delayed Command yDelCmdPos Contmuous idegreas/ sec
73 Yaw Volociy Command yCmdyal Continuous jdegrees? seo -
g Yaw Acceleration Command yCmdAce Continuous |degress / sec
Q Yaw Actuad Fosilion yActPos Continuous |degrees
g Yaw Actual Valocity yAct el Cominuous [degrees/ sec -
S {Yaw Drive Command yDivOmd Continuous |Valis -
= |Yaw Tachometot yTach Continupus |RPM
Pitch Position Command pCmdPos Continuous jdagrees
Pitch Dalayed Command pliclCmdios Continupus {dagrees’ sec
Pich Velocity Command pOmdVet Continaous idagrees / s0c
Prch Acceleration Command pUmdAscc Continuous [degrees / sec™?
Preh Actual Position pActPes Continueus |degrees
Piteh Actual Velocity pActVel Continuous |degrees | sec
Pitch: Drive Comimand pOrvOmd Continuous |Veits -
Pitch Tachometar oTach Continltous  [RPM
Roll Position Command omdPos Continuous {degrees
Roll Delayed Command GelCmdPos Continucus {degrens/ sec
Rolt Velocity Command WCmdvel Continunus fdegices / sec
Rolt Acecieration Command iCmidAce Continucus jdegrees/ sog?
Roll Actual Position rActPos Continuous |degrees
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Description Variable Name [Type Units Remarks
Roll Actual Velocity rActVet Continucus {degices ! sec -
Roll Drive Command iDivCmd Continupus {Volis
Holl Tachometer Tach Continuous [RPPM -
Motion Typa motionType Discrete -
Pitch Motor Brake phdtrBilc Discrele ON whan parked
Roll Motor Brake rhdirBrk Discrete - ONwhen parked
Gx Aeroimodel Input GxAeroln Conlinuous |[g inpat from Aeromodel
Gy Aeromodel Input GyAeroln Contiruous |9 input from Aeromaedel
Gz Aeromodel Input GeAaroln Continuous |g input from Asremodel
{Gx Avromaode! Outini GxAeroQut Confinuous |g Qutpul from a filter
Gy Aercmodet Output GyAercOut Continuous |y CQuiput from a filler
(7 Acromodet Quiput GzArroOut Continuous |g Outpul from a hiter
Gx Scaled for Moton GxSealed Continuous g Scaled by MC operator algorithm
$ Gy Scaled for Motion GyScalad Continuous ji Scaled by MG operator algorithan
_—9; Gz Scaled for Motion GzScaled Conlinuous {4 Scaled by MC operator algorithm
‘(% Altitude Altitude Continupus it .
> Gz Arm Onset Input gzAOnsetin Continucus i Inpul to a filter
§ Gz Arm Onset Quput gzAONRsetDal Continuous {g Ouwipat brom a filter
g 0z Feed Forward gzFF Continuous |g
Q G emulation made Glype Dizcrale Shor RS
g Gx ot grOu Continuous |g Oulpud from a filter
=Gy cuput gyQut Continuous lg Ouinut from a fiter
= 2 output gzt Continuols |9 Quiput from a fiter
(G &5 Conlinuous |g
Gy (3y Contiruous |g
Gz {3z Continuous |g
Arm Velocily In ArmVailn Continucus |dagrees | sec
A Yalocity Gt ArmValGut Continuous |degress! sec
Arm Acceleration In ArmAcain Continuous |degrees ! sech?
Arm Accelaration Ol ArmAceOut Continuous (degrees/ sec”2
Pitch Align In pAlighin Continuous Jdegrees
Pitchy Align Oy palgnCut Continuous {degress
Piteh Gx n plExin Continucus jdegrees
thich Gx Ot pExOut Continucus {rlegrees
Piteh Total plotalCut Continuous |degrees
ich Position O pPosOut Contindous |degreas
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Description Variable Name  [Type Units Hemarks
g Pileh Vatocily Out pVelOut Continuous {degreas ! soo
é Pitch Aceeleration Out pAGCOL Continuous pdagrees / secn?
E Roli Afign In radignin Comtinuous fdegress
= Roll Align Cut rTAlignOut Continuous |degrees
—é Roll Gy In 1Gyin Cantinuous degreos
g Foll Gy Out 1GyQut Continuous {degrees
& Boll Total Out FotalCut Continugus {degrens
g Rall Position Qut rPosOut Continuous jdegrees
"*-'S Roli Velocity Out VelOut Continuous [degrees/ sec
= Roll Acceleration Out rAccOut Continnous [degrees / sect?
Elapsed Time Elapsed Time Continuous |seconds
Pitch Angle Asrcralt Pitch Continuous [degrees
ol Angle Arcratt Roll Contimunus {degrees
Heading Angle Alrcralt Heading Continuous jdegrees
hx Cominuolis
Nz Continuaus
My Continugous |-
$ Arspoed Asrspead Contmuous |KTAS
Em Alitude Alttude Continuous |ft
% Laititude Lattitucle Continuous Jdegroes
s Longitude Longitude somimunus degreas
Gé Glick Piteh Slick Hitch Continuols {parcent
g Stick Hoil Stick Holl Conlinuous |pescant
c:> Ruddo Ruddar Continuous |poercant
‘?G:) Prich trimy up switch Piich Trim Lip Discrots
=9 Preh friny down seateh Dich Trim Dowen Discrate
E o fHol tam el svateh Roll_Trim Lefl [iserate
'9 Roll tim right swiich Foll Trim Right Discrate
= Rudder trim ieft switch Rudder Trim Lel Discrele
Rudder trim sigit switch Ruddar Trim_Right  1Discrele
percentags Throtlle Lot Confinuous
percentage Throlile Right Continuous
fanding gear poslion command Landing Gear Lafl Discrete
landing gear posilion command Landing Gear Right [Discrete
Fiap Command Flaps Diserate parcant
Spead brake command AirBrake Contindous |porcent
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APPENDIX B — UPSET PROFILES

Airspe Bank ;
Identitier | Type Description "% Pitch Angie | Angle | AHde

KIAS (L or 7) {f1)
NTSB-1/Evall INTSB  INose Low - Upright - Low Energy 165 V25 Dn i5 4000
NTSE-2 NTSB  iNose Low - Upright - Low Energy Low 125 Dn 70 15000
NTSE-3/ Evaiz |NTSE  {Nose Low - Inverted - Low Energy 180 (35 Dn 120 10000
NTSB-4 NTSB  [Nose High - Upright - Low Energy 170 {40 Up 10 10000
NTGBE-5 NTSE  [Nose High - Upright - Low Energy Low {40Up 60 115000
NTSB-67Evald |NTSHB  [Nose High - inverted - Low Energy Low 140Up 130 10000
NTSB-7/Evald [NTSEB  [Nose Low - Upright - High Energy 320 |20 Dn i5 5000
NTSB-87Evals INTSB  [Nose Low - Upright - High Energy High [200n 75 10000
NTSB-8/Evale INTSB  |Nose Low - Inverled - High Energy 1330 120Dn 1110 110000 |
NTSB-10 NTSB  INose High - Upright - High Energy 316 45 Up BRED) 10000
NTSBE-11 NTSE  iNose High - Upright - High Energy High (45 Up B0 10000
NTSE-12 NTSB  iNose High - Inverted - High Energy |High 145 Up 200 5000
NTSB-13 NTSE  iNose Down - Upright - High Energy 360 120 Dn 5 15000
NTSB-14 7 Eval7 [NTSE  |External Factors - Wake Encounter How 120 Up i0 3000
NH-U-HE-1 Training [Nose High - Upright - High Energy. 1300 120 Up 0 36000
NH-U-HE-2 Traming [Nose High - Unnight - High tnergy 300 [20Up 45 36000
NH-U-HE-3 Training [Nose High - Upright - High Energy 300  |4silp g . |36000
NH-U-HE-4 Training |Nose High - Upright - High Energy 300 {45 Up 45 36000
NH-U-HE-S Training {Nese High - Uprighi - High Energy 330 20Up 0 36000
NH-U-HE-6 Training {Nosa High - Upright - High Energy 330 (20 Up 45 36000
NH-U-HE--7 Training {Nese High - Upright - High Energy |33C |45 Lp O 36000
NH-U-HE-8 Training {Nosa High - Upright - High Energy 3z labUp 45 36000
NH-U-LE- Training |Nosa High - Upnght - Low Energy 160 |20tp O 5000
NH-U-LE-2 Traning [Mose High - Upright - Low Energy 160 (20 Up 45 5000
NH-U-LE-3 Training [Nose High - Upright - Low Energy 160 {45 tp [ 5000
NH-L-|E-4 Training [Nose High - Upright - Low Eneray 160 |45 Up 45 5000
NH-U-LE-5 Training [Nose High - Upright - Low Energy 185 120 Up 0 5000
NH-U-LE-6 Training_;Nose Migh - Upright - Low Energy 185 20Up 45  |56oo
NH-U-LE-7 Training {Nose High - Upright - Low Energy 185 145 Up {} 5000
NH-1-LE-8 Training iNose High - Upnant - Low Energy 185 a5 Up 45 5000
NH-LHE-1 _|Training [Nose High - inverted - High Energy 300 120 Up 90 36000
NH-FHE-2 Training |Nose High - Inverted - High Energy 1300 20Up 120 6000
NH-{-HE-3 Training [Nose High - nverted - High Energy 1300 145 Up a0 36000
NH-1-HE-4 Training [Nose High - lnverted - High Energy 1300 [45tp 120 36000
NH-I-HE-5 Training [Nose High - inverted - High Energy 1330 |20 Up a0 36000
NH-I-HE-6 Training |Nose High - Inverted - High Energy 1330 120 Up 120 36000
NH--HE-7 Training INose High - Inverted - High Energy  |330 145 Up a0 36000
NH--HE-8 Training {Nose High - Inverted - High Energy 330 145 Up 120 36000
NH--LEA Training {Nose High - Inverted - Low Energy 160 120 Up 80 5000
NH-ELE-? Training |Nose High - Inverted - Low Energy 160 120 Up 120 5000
MNH--LE-3 Training |Nose High - Inverted - Low Energy 160 {45 Up an 5000
NH-1-LE-4 Training |Nose High - inveried - Low Energy 160 145 4Up 120 5000
NH-I-LE-B Training |Nose High - Inveried - L.ow Energy 185 |20Lp 90 5000
NH-I-LE-6 Training [Nose High - Inverled - Low Enerqy  [185 120 Up 120 5000
NH-I-LE-7 Training {Nose High - lnverted - Low Energy 185 |46 Up 90 5000
NH--|LE-8 Training iNose High - Inverted - Low Energy 185 145 Up 120 5000
NL-U-HE-1 Training {Nose Low - Uprighi - High Energy 300 120 Dn 0 5000
NL-U-HE-2 Training [Nose Low - Upright - High Energy 300 [200n 45 5000
NL-U-HE-3 Training [Nose Low - Upright - High Energy 300 145 Dn G 5000
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[NL-U-HE-4 Training {Nose Low - Upright - High Energy 300 [45Dn 45 15000
INL-U-HE-5 Training iNose Low - Upright - High Energy 330 |20Dn 0 5000
INL-U-HE-S Training [Nose Low - Upright - High Energy 330 |200n 45 5000
NL-U-HE-7 Training {Nose Low - Upright - Bigh Energy 330 145Dn { 5060
NL-tJ-HE-8 Training {Nose Low - Upsight - High Energy 330 |45 Dn 45 5000
NL-U-LE-1 Training |Nose Low - Upright - Low Energy 160 {20Dn 0 5000
NL-U-LE-2 Training |Nose Low - Upright - Low Energy 180 120 Dn 45 5000
[NL-U-LE-3 Training INose Low - Upright - Low Energy 160 |45 Dn 0 5000
NL-U-LE-4 Trairing [Nose Low - Upright - Low Energy 160 [45Dn 45 5000
NL-4-LE-5 Training iNose Low - Upright - Low Enargy 185 120 0n 0 " |5000
NL-L-LE-6 Training :Nose Low - Upright - Low Energy 185 120 Dn 45 5000
NL-U-LE-7 Training iNose Low - Upright - Low Energy 185 145 Dn 0 5000
NL-U-LE-8 Training Nose Low - Upright - Low Energy 185 |45Dn 45 5000
NL-[-HE-1 Training [Nose Low - Inveried - High Energy 1300 120 Dn 90 6000
NL-]-HE-2 Training {Nose Low - Inverted - High Energy 1300 120 Dn 120 36000
NL-{-HE-3 Training |Nose Low ~ Invarted - High Energy 300 |45 Dn a0 36000
NL-#-HE-4 Training INose Low - inverted - High Energy 130G |45 Dn 120 |36000
NL---HE-5 Training INose Low - Inverted - High Energy 330 120Dn a0 36000
NE-I-HE-6 Training [Nose Low - Inverted - High Enargy 330 (20Dn 120 J6000
NEL--HE-7 Training Nose Low - Inverted - High Enargy 330 |46 Ln 80 3BG00
NL-I-HE-8 Training {Nose Low - Inverted - High Energy 3300 (45 Dn 120 A600OG
NL-1-LE-1 Training {Nose Low - nverted - Low Energy 160 |20 Dn 40 5000
MNL-1-LE-2 Training [Nose Low - lnverled - Low Energy 160 120D 120 1B00C
MNL--LE-3 Trainng \Nose Low - Inverled - Low Energy . 1160 |45 Dn a0 5000
NL-[-LE-4 Training iNose Low - Inverted - Low Energy 160G 145 Dn 120 5000
NL-[-LE-5 Training INose Low - Inverted - Low Energy 185 120 On e H000
Ni-T-LE-6 Tr Nose Low - Invertad - Low Energy 1185 [200n 120 5000
NL-I-LE-7 Training |Nose Low - Inverted - Low Enetgy 185 45 0n a0 5000
NL-1-LE-8 Training Nose Low - Inveried - Low Eneray 185  1450n 120 5000
— R et e . Osciflating Oscillating |,
DER-1 Training {Daparture Siall (2010 40) |(10 - 45) 36000
DEP-2 Training |Depariure Spin 22%12%“%}0) g‘g‘i"jg;m 36000
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APPENDIX C — OPTIMAL RECOVERY PATH (ORP)
CONCEPT

1 BACKGROUND

Upset Recovery Training (URT) has been receiving much wider attention in recent years
given statistics that suggest that major forms of aircraft accidents have been reduced
except for recovery from upsets. Given the expansion of training the question has
become how should recoveries from upsets be graded?

2 EVALUATING UPSET RECOVERIES

Until now, the classic criteria used have been simple scalar values such as minimum
altitude loss, minimum maneuvering and observation of aircraft limitations to name a
few. While these criteria provide a good starting point, modern methods of data
monitoring allow for a more rigorous examination of optimal recovery techniques.

2.1 Overall Grade

The old aviation adage that “any landing you can use the airplane after is a great one”
also applies to upsets. If a recovery results in return to level flight while maintaining
aircraft limits and no casualties that recovery is a successful one. If the recovery resuits
in injuries to passengers and crew or aircrait damage then it is deemed unsuccessful.

2.2 Recovery Quality: Optimal Recovery Path (ORP)

Once a recovery is deemed successful the question can then be asked, "How
successful?” A successful recovery denotes meeting a minimum set of criteria, however,
there is an optimum set a criteria that denote a guality of the recovery. This optimum
set would define an Optimal Recovery Patf (ORP) against which a pilot’s recovery
performance could be compared and assessed.

As no pitot can be expected to follow an exact path through the sky there is a level of
acceptable deviation from the ORP. This deviation is broken into three zones, good,
satisfactory and un-satisfactory. Good is defined as maintaining ORP within 10%
deviation, satisfactory is 25% and un-satisfactory is greater than 25%.

2.3 Defining the ORP

The ORP for each upset will be unigue. The ORP is defined as the best flight path vs.
time for recovering from upset considering the following in order of priority:

1. Injury to passengers and crew
2. Maintenance of aircraft limits
3. Deviation from altitude
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4. Passenger Discomfort

The ORP is then converted to control inputs for coaching the pilot.
There are two methods for determining the actual ORP for each upset:

1. Empirical
2. Analytical

2.4 Empirical Determination of ORP

ORPs can be determined empirically by having experienced aviators perform a number
of recoveries from a given starting condition. Those recoveries can then be combined
with pilot comments and knowledge to create a consensus on the optimal path.

2.5 Analytical Determination of ORP

Given a sufficient fidelity aeromodel, the ORP can be determined analytically through
implementation of automatic recovery systems and further through optimization
methods such as Genetic Algorithms (GAs). This investigation will approach the
determination of ORPs through two stages utilizing first a deterministic method and
secondly using a numerical optimization method.

2.5.1 Stage I — Deterministic

The deterministic method will use a predetermined set of conditions to determine the
appropriate actions to recover from random flight conditions. The basic rules provided to
all pifots for recovery will be coded as software and integrated with the aeromodel to
generate the ORP. While this method will be effective for implementing known criteria it
is limited by the criteria itself.

2.5.2 Stage Il - Numerical Optimization

A numerical optimization method, such as a Genetic Algorithm (GA), will allow for a
much wider range of potential solutions for each recovery. The challenge will be to
properly establish the optimization parameters, methods and functions to provide for an
optimum and flyable flight path with a reasonable amount of computing power. This will
be done using in-house expertise and experience with numerical optimization.

2.6 Implementation

The ORP will be displayed on a graphical representation as shown in Figure 9. ORP
Visual Display. This plot wilt be updated real time to depict the student’s flight path and
control inputs to provide a comparison to the ORP, This can then be used by the
instructor real time to coach the student as well as during de-brief for further
instruction.
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Figure 9. ORP Visual Display.

3 CONCLUSION

The aviation industry has been looking for an effective method of grading and
instructing upsets. The ORP is a reliable and repeatable method for providing a higher
level of standardization and effectiveness to Upset Recovery Training.
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APPENDIX D -~ INDUSTRY SURVEY: UPSET
WARNING, AVOIDANCE AND AUTO-RECOVERY
TECHNOLOGIES

There are several potential technological updates that can assist in reducing losses due
to upsets. These include collision avoidance systems, attitude awareness devices,
automatic flight control limiters, and automatic recovery systems.

1 COLLISION AVOIDANCE

Since the late 1990s, national and international aviation authorities have become
increasingly concerned with the quality and prevalence of up-to-date terrain awareness
and avoidance systems, and upset warning and automated recovery systems. This
renewed attention comes partially in response to the continuing presence of Controlled
Flight Into Terrain (CFIT) incidents, avoidable upset incidents, and other avoidable air
accidents, although the systems’ use in instrument landing and take-off procedures alsc
plays a large role. In 2005, for example, approximately a quarter of fatal multi-engine
aircraft accidents in the United States were atiributed to CFIT, killing ene-hundred-and-
sixty people that year™. A relatively high number of fatal crashes are additionally
attributed to pilot loss of control in a mechanically functioning aircraft, Some of these
crashes couid have been avoided with proper use of the systems cutlined in this section.
in the fast six to seven years, requiations regarding the installation and use of
technology aimed at preventing these “avoidable” accidents have increased both in
number and stringency.

The United States Federal Aviation Administration (FAA) has classified examples of such
systems into Class A, Class B and Class C types; Class A systems are the most advanced,
featuring a visual display with the status of wing flaps and ianding gear, radar-
determined altitude, a map display, and centralized air data. Class B systems are not
required to have a visual display, show the position of landing gear, or determine
altitude using radar; however, many include a display and show altitude derived from
other data sources. Some types of aviation systems also are available in Class C, the
most basic configuration, but many are available only as a Class A or Class B system.

This classification system has been adopted almost universally, and rules regulating the
use of these systems have become more and more stringent, a positive development for
air safety. The European Aviation Safety Agency—previously the European Joint Aviation
Authority-——mandated in 1999 that all European reqgistry aircraft with a maximum take-off
weight (MTOW) of 12,500 pounds or greater, or more than eight passenger seats, be
equipped with a Class A Terrain Awareness and Warning System (TAWS) by October
2001. The Federal Aviation Authority (FAA) ruled that by March 29, 2005, all turbine
aircraft with more than five passenger seats must possess at east a Class B TAWS
system, and that all aircraft with more than nine passenger seats operating under Part
135 must have an approved Class A TAWS system. The International Civil Aviation
Organization (ICAQ) similarly requires all international carrier aircraft with a MTOW of
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33,000 pounds or greater and thirty or more passenger seats to be equipped with
TAWS. In both North America and Europe, nearly all turbine aircraft manufactured in the
last five years have been factory-equipped with TAWS, a trend that is even gaining
popuiarity among genera! aviation aircraft. There is additional speculation that TAWS will
later be required in smaller and/or piston-powered aircraft by the FAA.

Ground Proximity Warning Systems (GPWS) have been similarly mandated. Since 1974,
the FAA has required GPWS on large airliners, and even some aircraft operating under
Part 135, although regulations regarding smaller airplanes are only now becoming
widespread. Since 1999, ICAO has required GPWS in all international operations where
the aircraft MTOW is over 12,500 pounds, or the aircraft possesses more than nine
passenger seats™. The FAA has required such equipment even in small international
operations since 1998, and the Luropean Aviation Safety Agency recently standardized
its requirements regarding GPWS in European-registered aircraft, Not all such
requirements, however, apply to domestic operation aircraft; an exception that many in
the flight safety community allege is unjustified and dangerous.

Traffic Collision Avoidance Systems (TCAS) have been required in many aircraft by the
FAA since the late 1980s. All aircraft with between 10 and 30 passenger seats are
required to have the more basic TCAS 1, while larger aircraft with more than 30
passenger seats need the more advanced TCAS I1. The European Aviation Safety
Agency (EASA) of the European Union, as well as the Australian Civil Aviation Safety
Authority (CASA) requires TCAS II or an equivalent system in ali aircraft with more than
30 passenger seats. Regulations on older electro-mechanical devices are essentially
universal, while reguiations on new technology—Greund Collision Avoidance Systems for
example—are non-existent. Terrain Collision Avoidance Systems are required by the FAA

)l

in commercial operations where the aircraft’'s MTOW exceeds 33,000 pounds™.

1.1 Warning Systems

Flectronic warning systems aimed at avoiding CFIT, traffic coliision and upset conditions
have a long history. In the 1960s, Canadian engineer C. Donald Bateman created the
first Ground Proximity Warning System, and by 1973 they were mandated for ail US-
registered planes by the FAA. Older warning systems rely on electro-mechanical devices,
while newer systems incorporate saved data with more traditional GPWS technology.
Traffic collision avoidance systems depend on in-air radio use for its required data.

1.2 Traffic Collision Avoidance System (TCAS)

Traffic Collision Avoidance Systems are designed to help avoid mid-air collisions between
multiple aircraft, and have been widely available for commercial aircraft since the early
1980s. A series of tragic mid-air collisions in the 1970s spurred interest in the system,
which works independently of air traffic control, and can thus function when a control
tower is down, or the controller has stepped away. These systems rely on radio
interrogation of surrounding aircraft at a particular frequency. The involved aircraft
communicate their aircraft, bearing and range to one another, allowing their TCAS to
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buitd a visual image of surrounding aircraft, and warn pilots of potential coliisions,
recommending actions to avoid them. These systems not only help pilots avoid mid-air
collision and aircraft damage, but also allow pilots to safely maneuver away from
impending collisions with the maximum possible time to spare, instead of being forced
to quickly execute a drastic evasive maneuver and possibly enter an upset condition.

1.3 Automated Ground and Terrain Collision Avoidance
Systems

Automated collision and upset avoidance systems integrate technology from the
previously described collision and upset warning systems with electric and electronic
aircraft control systems. These advanced systems take over control of the aircraft in the
case of an impending collision or serious upset, flying the aircraft back into a safe flight
situation before relinguishing control to the flight crew. Originally manufactured for
military aircraft to protect pilots suffering from G-induced loss of consciousness (GLOC),
these systems generally combine TAWS technology with knowiedge of the aircraft’s safe
flight envelope and a method of aircraft control, such as an autopilot system.

1.3.1 Existing Prototypes

The most advanced prototype of a GCAS has been built for the United States Air Force’s
F-16D through an industry and joint Swedish Flygvapnet (Air Force)/USAF effort™,
Auto-GCAS system prototypes are also being developed for the F-16, F-22, F-35 (Joint
Strike Fighter), and JAS-39 Gripen™". Military fighter operations take place in aircraft
with large airspeed and G envelopes, excellent maneuverability, and copious amounts of
engine power, They also often involve protonged periods of flight at a mere 100 feet
above terrain, exposure to potentially incapacitating G forces, and use of aercbatic
maneuvers. These conditions make military flight especially well suited to the use of
GCAS. Additionally, there were already well-tested Aircraft Response Modeis (ARM)
developed to predict the behavior of the F-16 in different situations and at different
speeds, ailowing the GCAS system to easily "know” what the F-16 will do under certain
conditions and in response to certain inputs, as many military aircraft are inherently
unstable “fly by wire” planes that require continual control inputs from their flight control
computers.

The test F-16 was equipped with GPS/inertial navigation inputs, a digital terrain
database, radar altimeter, and the AFTI F-16's autopitot with an Aircraft Response Model
(ARM) to create a full-envelope, automatic ground collision avoidance system.” "
During recoveries, test pilots were routinely exposed to sustained G-forces of 5-8 G, as
well as rapid roll maneuvers, sometimes resulting in GLOC.™ Although the F-16s
equipped with the auto-GCAS have been successful in avoiding CFIT and other collisions,
the system is not yet slated for large-scale military instaliation, possibly due to the high
cost of the system and the possible risks to pilots. The controversial decision to disallow
manual override of the GCAS has upset some pilots and military commanders, making
implementation of the system contentious.
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1.3.2 Problems in Application to Civil and Commercial Aircraft

Few civil aircraft share the high structurai tolerance, acrobatic capability, or
unobstructed pilot view offered by fighter aircraft like the F-16. Many maneuvers
initiated by the auto-GCAS to keep the F-16 from colliding with terrain are unthinkable in
a large jet aircraft. While F-16s can sustain 9G, airliners are generally rated for less than
half that force. The fack of reliable ARM data for conditions significantly outside the
normal flight envelope further complicates the development of GCAS in commercial
aircraft. For these reasons, there is no known program to develop an auto-GCAS for
large commercial aircraft,

1.3.3 Prognosis

Although a possihility exists for development of aute-GCAS in commercial aircraft, the
possibility seems remote at this time. As GPWS and GNSS technology develop, obtaining
a reliable virtual picture of distant terrain may become more feasible. This ahility could
enable a large jet to maneuver around dangerous terrain further in advance, making
GCAS a more feasible technology. Avoidance maneuvers could be executed
automatically further in advance of a predicted collision, but this function would not only
rely on less reliable terrain data; it might also automatically maneuver around terrain
that the pilot was aware of and preparing to divert away from in a necessary maneuver.
Current research being conducted to build reliable software for commercial jet flight
simulators may reveal information required to build an ARM for different commercial
aircraft, a necessary step towards the creation of a GCAS. Due to the relatively small
controliable flight envelope in commercial aircraft, there is little data for situations
outside the normal flight envelope, making the construction of an ARM challenging.

1.4 Ground Proximity Warning Systems

Using a radar altimeter to measure the distance between the aircraft and terrain below
it, Ground Proximity Warning Systems (GPWS) are able to predict gradually changing
terrain conditions and warn the cockpit crew of impending collisions with the ground. A
common complaint concerning GPWS among crewmembers and air safety officials is the
high occurrence of “false warnings” produced by the current generation of systems. ™
This inaccuracy reduces pilots’ trust in the system, and increases the chances of a pilot
ignoring legitimate warnings, a problem that is being solved in the next generation of
GPWS. Because GPWS have traditionally lacked a terrain database, their usefulness is
limited in areas with suddenly changing terrain, such as steep mountain siopes or
canyons. These systems are, however, very widespread, being required in almost every
commercially operated airplane flown in North America and Europe.
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1.5 Terrain Awareness and Warning Systems

1.5.1 Synthetic Vision

Synthetic or Enhanced Vision Systems (EVS) are a recent innovation in commercial and
civilian aircraft. A compiex technological system, EVS involves infrared imaging,
conventional imaging, and a computer display system. These systems are able to
reproduce relatively accurate images of the area in front of an aircraft, even at night, in
adverse weather conditions, or in other low-visibility conditions. Stili expensive, EVS are
found in military aircraft—like some F-16, F-22 and F-35 aircraft—and business jets, to
include many of the Gulfstream jets and the Faicon 7X.

1.5.2 Terrain Awareness and Warning Systems (TAWS)

Most TAWS are based on GPWS technology, and are sometimes calied £nhanced Ground
Proximity Warning Systems (EGPWS). These units use a radar altimeter to gauge
proximity to terrain, but additionally make use of internally stored terrain data to provide
a visual display of the terrain and predict ground-proximity conditions further in
advance. These systems are much more effective than GPWS because of the farger
distance over which they have predictive power. Currently, an effort is being made to
encourage states to standardize and release terrain data of geodetic reference to
advance this technology in less frequented flight areas.

1.6 Vertical Navigation

1.6.1 Global Navigation Satellite System (GNVSS)

Global Navigation Satellite Systems interface with low earth orbiting satellites in order to
procure information about the height of terrain local to the aircraft. Although & universal
GNSS network has not yet been established, most commercial aircraft are equipped to
receive data from existing satellites about the height of the surrounding terrain. This
secondary navigation system can provide crucial back up data to the flight crew and is
not expensive to install. Unfortunately, sateilite terrain data itself is not universal, nor is
the satellite network complete encugh to reliably cover many high-traffic areas

1.6.2 Traditional Methods

Many aircraft rely solely on conventional mechanical or electronic systems of gauging
aircraft and terrain altitude. Standard pressure altimeters are set to local barometric
pressure or standard day pressure {29.92 in Hg) when above 18,000 feet, but they do
not give actual height above obstructions. Radar altimeters beunce radio waves from the
aircraft to the surface of the earth, then measure the time they take to return,
caiculating the altitude of the aircraft relative to the terrain.
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1.7 Visual Approach Systems

1.7.1 Approach Light Systems (ALS)

Approach Light Systems comprise a number of ground-mounted lights marking the
approach and departure end of runways at airports. They also delineate the sides of the
functional runway area, and help pilots align their aircraft with the centerline of the
runway at night. Particularly useful in low-visibility and night conditions, ALS allow pilots
to make the transition from instrument to visual flight rules without losing orientation
and possibly causing an upset or other undesired incident.

1.7.2 Visual Approach Slope Indicator System (VASI) and Precision Approach
Path Indicator (PAPI)

Both the VASI, outlined here, and the PAPI, featured below, are glideslope indicators
aimed chiefly at helping pilots make approaches to runways at the proper angle of
descent. This ensures obstacle clearance while allowing for a comfortable descent rate,
Most VASI systems consist of two bars of lights on the ground, comprising 2 to 16 lights
each. The lights are calibrated to appear red when seen from an angle less than 3°, and
white from an angle of greater than 3°. By aligning his aircraft to see one white bar of
lights followed by one red bar of lights, the pilot is assured that his aircraft is descending
on the prescribed 3° glideslope. One version of the VASI, the Pulsating Visual Approach
Slope Indicator (PVASI) system adds a pulsating fight that flashes more slowly as the
pilot approaches the ideal approach path. Many smaller airports stilf use VASI
technology, and the ICAO prefers the VASI system over the PAPL.

1.7.3 Precision Approach Path Indicator (FAFL)

Developed from the more basic VAST system, the PAPI system similarly refies on ground-
based lights calibrated to change colors when viewed from different angles. Instead of
incorporating multiple bars of lights, PAPI systems rely on a single bar comprised
normaliy of four lights, all differently calibrated. This system allows for more nuanced
feedback on the angle of approach; the four lights turn red in succession as the angle
decreases, allowing the pilot to fly the correct glideslope more precisely. Similar to the
VASI, this system allows pilots to correctly gauge their flight path in low-visibility
conditions. This is the preferred glideslope navigation system of the FAA.

1.7.9 Other Lighting and Approach Navigation Systems

Other, less widespread systems of glideslope navigation include a tri-color VASI fight
system and the unlighted element alignment system sometimes used at small and
private airports, There are also ground lighting systems to guide aircraft through taxi
and take off, thus helping flight crews avoid ground collisions.
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1.8 Aircraft/Cockpit Design Features

1.8.1 Controfs

The placement and design of vital displays and controls can be crucial to pilots in a loss-
of-control or upset condition. Different designs have been experimented with, and piiots
disagree on the best configuration. Recent research has pointed to the advantages of
the placement of key controls direct/y in front of the pilot's line of vision, where red-out
or gray-out are least likely to affect his sight. This placement may allow pilots to
continue to control their aircraft even when their vision is temporarily impaired.

1.8.2 Head-Up Displays (HUDs)

One relatively low-tech approach to reducing aircraft upsets and accidents is to re-
engineer the cockpit, moving crucial auto-pilot and navigation displays from waist- to
eye-level. This technology has been used for decades in military aircraft. The system
projects pertinent information onto a glass “combiner” that sits in the pitot’s line of sight.
Information such as airspeed, altitude, heading and attitude are superimposed on the
real image visible through the glass. Head movement between waist-level control panels
and eye-level cockpit windows causes problems in visual and instrument flight conditions
and may become impaossible inn high G situations, contributing to upset conditions. Eye
movement between the horizon and the controls while in a spin or other maneuver can
produce the Coriolis Effect, which is avoided with the use of this system. This eye-level
design allows crew members to easily consult displays while still monitoring the aircraft’s
situation and surroundings through the cockpit window. ™ Despite the negligible cost of
assembling a cockpit in this way, the reconfiguration of older cockpits remains, in most
cases, prohibitively expensive. To install such a system in an aircraft in the United
States, permission in the form of a Supplemental Type Certificate (STC) must be
procured. Application for an STC involves extensive testing, time and money, which
make the installation of such systems less attractive.

A related possibility for improving cockpit design to help avoid upsets is repositioning the
synthetic vision system. By superimposing the image produced by the synthetic vision
system on a transparent HUD, a pilot is given simultaneous access to synthetic and real
vision. Combiners reflect back the synthetic images projected at them, but allow all
other forms of light to pass through, giving the pilot an unobstructed view out of the
cockpit, while aiding his sight with infrared and other imagery.

1.9 Stall Warning Systems

Most aircraft have stall warning systems to warn the pilot of an impending stail. One
example of such a system is called a stick shaker, found on most commercial and
military aircraft equipped with yokes. Stick shakers are connected to the yoke, and
shake it when a stall is imminent, attracting the pilot's attention. Some systems are
equipped with stick pusher capability, which mechanically forces the nose down,
lessening the angle of attack to avoid a stall. A variation on the stick shaker is the
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rudder shaker system, common in aircraft equipped with sticks, which similarly
determines when a stall is imminent, and vibrates the rudder pedals, again attracting
the pilot’s attention. A more basic system of stall warning is the inclusion of a warning
light on the cockpit controf panel, visually alerting pilots to the impending stall. Aural
stall warnings are also found on many aircraft, and are generally triggered by a drop in
airspeed to 105% of stall speed, or through mechanically sensing the initial separation
of leading edge airflow that produces a stall,

1.10 Excessive Bank and Pitch Angle Warning Capabiiity

Some aircraft are equipped with electronic Excessive Bank Angle Warning capability. 1t is
not uncommon for an aircraft to develop an excessive bank angle without the upset
situation being detected by the crew™", particularly in Instrument Meteorolagical
Conditions, when a pilot is distracted, or during a rapid change in altitude, Although
excessive pitch is hard to incur without the flight crew noticing, it does occasionally take
place. Electronic warning systems incorporate maximum bank and pitch data for the
particular aircraft, and warn pilots when they approach or exceed that imit. This
warning capability is often integrated into the Electronic Flight Information System.
Most systems incorporate an aural warning to facilitate quick response to the upset
situation, repeatedly alerting the flight crew with an audible warning message iike “hank
angle” or "pitch angle” if the predetermined angle is succeeded. An aural warning
capability is especially common among turboprop and jet aircraft running regional or
international routes, but many aircraft possess an electronic gyroscope which visually
reveals bank and pitch attitude.,

The conventional method of determining bank angle relies on an attitude gyroscope,
commonly known as the attitude indicator or artificial horizon. Some indicators are color-
coded; when the bank angle exceeds a safe number, the gauge reads yellow or red
numbers. Although generaily reliable, the attitude gyroscope is not always relied upon
by spatiaily disoriented pilots, a problem that the electronic aural warning system
attempts to correct.

1.11 Automatic Recovery Systems

Current 5" generation fighter aircraft such as the F-22 and F-35 are equipped with both
departure resistance and automatic recovery software integrated as part of the flight
control architecture. While modern fly-by-wire commercial aircraft have flight control
limiters in an attempt to alleviate upsets, these iimiters are not nearly as robust as the
active limiters on military aircraft. Furthermore, there is no automatic recovery logic
should the aircraft exceed these limiters. While no production aircraft include this
software there is a definite potential that departure resistance and automatic recovery
logic could be integrated in the near future as evidenced by the success of
implementations on fighter aircraft.
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